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Abstract 

The purpose of this short review is to present progresses in string theory 
in the recent past. There have been very important developments in our un- 
derstanding of string dynamics, especially the nonperturbative aspects. In this 
context, dualities play a cardinal role. The string theory provides a deeper 
understanding of the physics of special class of black holes from a microscopic 
point of view and has resolved several important questions. It is also recog- 
nized that M-theory provides a unified description of the five perturbatively 
consistent string theories. The article covers some of these aspects and high 
lights important progress made in string theory. 
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1 Introduction 



All along the progress in natural philosophy, curious minds have asked deep questions 
pertaining to the fundamental constituents of matter and creation and evolution of 
the cosmos. In the modern era, physicists have endeavored to comprehend natural 
phenomena in terms of a simple set of principles. Therefore, the search has contin- 
ued to discover the elementary constituents of matter and identify the fundamental 
forces responsible for the natural phenomena. It is accepted that there are four fun- 
damental forces : gravitation, the weak interaction, electromagnetism and the strong 
interaction. The unification of fundamental interactions has remained as one of the 
most outstanding challenge for generations of physicists. In the latter half of this 
century, some progress has taken place in this direction through the electroweak uni- 
fication scheme. The electroweak theory together with quantum chromodynamics 
(QCD), referred to as the standard model, have been tested to a great degree of ac- 
curacy. Thus, the standard model provides a very good description of the 'low energy 
physics', comprising of the spectrum of elementary particles and their dynamics. The 
next step in fulfilling the dream of unification of forces were the schemes of grand uni- 
fications (GUT) which attempted to incorporate the three fundamental interactions, 
leaving aside gravitational interaction. The QED has been tested to a great degree 
of accuracy and two most important characteristics of that theory are the invariance 
under local gauge transformations and renormalizability. The electroweak theory and 
QCD respect the principle of gauge invariance and are renormalizable. Moreover, it 
is well known that the Einstein's theory of general relativity respects a local symme- 
try: invariance under general coordinate transformations. However, the theory is not 
renormalizable since the Newton's constant carries dimension of {mass)~^, unlike the 
gauge couphng constants of the standard model which are dimensionless. 
Although the standard model has successfully passed many stringent experimental 
tests, it is recognized that one must seek for a more fundamental theory. The stan- 
dard model has many arbitrary parameters: the gauge coupling constants, the cou- 
pling constants of the scalars, Yukawa couplings of the Higgs bosons to fermions 
which are eventually responsible for generating fermion masses, just to mention a 
few. Furthermore, when one extrapolates the gauge coupling constants utilizing the 
renormalization group equations towards higher energy scale, there are evidences that 
the three coupling constants tend to converge to a point and it is natural to conclude 
that beyond that scale there might be a unified description of the standard model. 
Therefore, these observations lend support to the proposal of GUTS put forward in 
early seventies. As is well known, the existence of electroweak scale in the TeV region 
and another unification scale in the neighbourhood of 10^^ to 10^^ GeV leads to issues 
related to fine tuning of parameters, known as gauge hierarchy problem. The gauge 
hierarchy problem can be resolved in an elegant manner if one envisages supersym- 
metric version of the standard model (moreover, the convergence of gauge coupling 
constants in the unifying scale is more favourable in supersymmetric theories; see 
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Mohapatra's article in this volume for details). The supersymmetric theories were 
constructed so that bosons and fermions can belong to a supermultiplet. The su- 
persymmetry appeared in 2-dimensions in the construction of string theories. While 
attempts were being made to construct various types of grand unified theories, there 
were developments in incorporating gravity into supersymmetric theories which re- 
sulted in discovery of supergravity theories. However, it was not possible to construct 
renormalizable field theories which could unify the four fundamental forces. It was 
being perceived by many physicists, in the beginning of eighties, that new radical 
ideas were required to unify the fundamental interactions. 

It is now accepted that string theory holds the promise of unifying all the fundamen- 
tal interactions. The progress of the string theory in diverse directions, during the 
last fifteen years have been truly spectacular. The theory has not only has brought 
us nearer to the dream of unification, but also has influenced our understanding of 
various aspects of quantum gravity and has revealed many beautiful features relevant 
to the nonperturbative aspects of field theories. 

The string theory was invented to describe the dynamics of strongly interacting par- 
ticles. The vast amount of experimental data amassed from high energy accelerators, 
during fifties and sixties led to discovery of large number of hadronic resonances. One 
of the interesting characteristics of those resonances was that when one plots squared 
of mass vs spins of these particles, families of the resonances tend to lie on a straight 
line, known as the Chew-Frautschi plot. It was also evident from the high energy of 
scattering cross sections of hadrons that they follow a power law behaviour i.e. the 
crossed channel Regge poles controlled cross sections at high energies. The duality 
relation in strong interactions, that is sum over direct channel resonances (from low 
energy data) reproduces the Regge amplitude, was an important discovery for con- 
struction of dual models. Veneziano took crucial step step when he proposed a 
four point amplitude which satisfied requirements of duality and crossing symmetry. 

T(s, t) = B{s, t) + B{t, u) + B{u, s) (1.1) 

where 

1 {—a{s) — cxyt)) 

and a(s) = + a' s is the parameterization of the linear Regge trajectory. Here s,t 
and u refer to the Mandelstam variables; when we are in the center of mass frame, s 
is the squared of cm. energy, t and u are related to the cm. scattering angle. The 
B-function has the integral representation 

S(s, t) = C dww-^-''^'\l - u;)-^-"(*) (1.3) 
Jo 

Subsequently, generalized N-point amplitudes satisfying requirements of duality and 
crossing symmetry were proposed by several authors and one such amplitude is 

F{pi pn) = \wi - wii\\wii - wniWwiii - wi\ j dwi...dwN^i<j\wi - Wj\'^'^'^'-'^\IA) 
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Wi are ordered cyclically, wj, wjj and wm are any three of the variables of the set 
{wi}, but are held fixed. As in the case of 4-point Veneziano amplitude, the full 
N-point amplitude is sum of all cyclically inequivalent permutations. It was realized 
that it is possible to represent the N-point function in a path integral form 

i^TV ~ / n^,.c/X'^(a) / dwi...dwNexp{~ [ d^adaX''d''X''ri^^)U^ e'^'-^^""'^ (1.5) 
J ' J 2 Jct2>o 

where daX'^ = cr^ and o"^ are coordinates of a point in the upper plane, X^(a) 
are integrated over all functions of a. The boundary condition on is d2X^ = 
for 0"^ = 0. The constant T = was later on identified as the tension of the string. 
Note the presence of X^{wi)] it is the value of X^{(7^, o"^) on the line = w^a"^ = 0. 
The connection between dual amplitudes and dynamics of a relativistic string was 
recognized by several authors independently |Q. Now, of course we know that this 
amplitude is obtained from an open string theory and the action is that of a string, 
there are vertex operator in the path integral formula and the open string boundary 
conditions are to be specified. Virasoro had constructed another 4-point amplitude |Q 
fulfilling the requirement of duality and crossing symmetry in sequel to Veneziano's 
paper and generalization of that amplitude for N-particle scattering was derived with 
a path integral representation . It was realized that the Virasoro-Shapiro amplitude 
could be obtained from a closed string theory. Finally, Nambu proposed the action 
for the string so that one could start studying the dynamics of the string and proceed 
to examine the consequences of its quantization. 

The string theory as a theory of strong interaction dynamics was not free from short- 
comings. While attempts were going on to rectify the pitfalls of the theory and to 
construct new string theories as models of strong interactions; QCD was proposed 
as the fundamental theory of strongly interacting particle. The theory described in- 
teractions of the fundamental constituents, quarks, of the hadrons with gluon as the 
carrier of the force. Furthermore, the experimental data confirmed predictions of 
QCD steadily and consequently; string theory as a theory of strong interaction was 
no longer in the center stage. 

In 1974, Joel Scherk and John Schwarz |]^ made a bold proposition that string theory 
should be envisaged as a theory of gravity since the massless spin two particle appears 
naturally in the closed string spectrum and this theory might be a vehicle to achieve 
the goal of unification of the forces of Nature. If string theory were to incorporate 
the gravitational interaction, then the string tension should be order of the Planck 
scale in contrast to the the tension of the original string which was of the order of 
one GeV, the scale of hadronic interaction determined from the slope of the Regge 
trajectories. It was realized that one has to go up nineteen orders of magnitude in 
the energy scale if the Scherk- Schwarz proposal was to be realized. At that time, this 
radical idea did not receive wide spread acceptance amongst theoretical high energy 
physicists. The crucial work of Green and Schwarz |^ in the summer of 1984 led 
to conclusion that 10-dimensional super Yang-Mills theories coupled to supergravity 
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can be consistently constructed and are free from all anomalies only for the gauge 
groups 50(32) and Eg x E^. The results of Green and Schwarz had profound im- 
pact on the field of high energy physics. It was recognized that string theory could 
fulfill the cherished dream of unifying fundamental forces. The construction of the 
heterotic string theory |Ty] was a very important break through towards realization 
of this goal since it had the desired gauge groups i.e. 5*0(32) or Eg x Eg, depending 
on the construction one adopted. The ten dimensional theory had chiral fermions, 
= 1 supergravity coupled to supersymmetric Yang-Mills with appropriate gauge 
groups. Moreover, when the Eg x Eg heterotic string theory was compactified to 
four dimensions on a Calabi-Yau manifold, the resulting theory was shown to possess 
several desirable features that one expected from some of the grand unified theories. 
Furthermore, it was possible to demonstrate that the standard model gauge groups 
SU{3) X SU{2) X f/(l) were contained in such four dimensional theories. Indeed, 
optimistically, one could feel that a unified theory was in sight and string theory was 
popularly named as the 'Theory of Everything'. 

Let us recapitulate some of the essential features of string theory. The string is a one 
dimensional object which executes motion in spacetime. There are, grossly speaking, 
two types of strings: open and closed strings. As the name suggests, the ends of open 
strings are free (there are special types whose ends might get stuck to some surfaces 
and they play very important roles too) and it is required to satisfy suitable bound- 
ary conditions for the end points. The closed string, by definition, has its both ends 
glued together, forming a loop. It is well known that when a point particle evolves 
in spacetime, it traces out a trajectory describing its history. In case of an open 
string, it sweeps a two dimensional surface and similarly the closed string sweeps a 
surface which is that of a cylinder. The natural question is why we do not observe 
these strings in high energy collisions. The answer to this question lies in the fact 
that the strings are much smaller in size than the present accelerators can probe. If 
we could have accelerators which have energies of the order of 10^^ GeV, then it will 
be possible to observe the dynamics of the strings directly and test the predictions 
of string theory at the Planckian energies. In contrast, the present day accelerators 
have energies of the order of TeV - almost 16 orders of magnitudes below the string 
scale. 

The string has tension and it vibrates in an infinite number of modes. We identify 
each mode of the string with a particle. Of course, the string will have the lowest 
mode and we identify that with a particular particle. The next mode will correspond 
to an excited state and it is separated in energy from the lowest mode in suitable unit 
of string tension - separation between two neighboring levels is order of 10^^ GeV 
(recall that for the hadronic models they excitations were on Regge trajectories and 
there the tension was order of GeV). The string theories of interests to us contain 
massless particles in their lowest mode. For example, in 10-dimensional heterotic 
string theory, we have graviton, antisymmetric tensor and dilaton together with the 
super Yang-Mills multiplets corresponding to the gauge groups 50(32) or £"§ x Eg 
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in its massless sector. Therefore, in the low energy hmit, the string theory effectively 
reduces to a point particle field theory (this is when we want to describe physics at 
the present day accelerator energy scales). In other words, the zero slope limits of 
string theories correspond to known field theories - superstring theories go over to 
supergravity theories in this limit. 

Now we give an outline of the rest of the article. Since it is to appear in a volume on 
'Field Theory', we shall avoid involved technical details. The field has progressed in 
diverse directions and our strategy will be to adopt a course to high light important 
developments. We shall attempt to present different aspects of string theory in a 
pedagogical manner. In order to get across some issues, known examples from field 
theory will be presented. There has been intense activities in this field since 1984, 
when it was recognized that string theory is the most promising candidate for unifi- 
cation of forces of Nature. It is not possible to cover all the important literatures in 
a vibrant field like this within the frame work of this article. I apologize in advance 
to all the authors whose works have not been cited. There are two books which cover 
all the important aspects of string theory in detail besides several monographs and 
reprint collection volumes. The first one [|1^ , in two volumes provides foundation for 



string theory and includes the developments up to 1986. The second one |]12[ has 
laid the emphasis on the progress made after the second superstring revolution. I 
have listed some of the review articles written in the first phase of the developments 



of string theory [O, 11^ [T5|, [TO, O, Il8l. There are a large number of review articles 



written in recent time [19, EO, m ||, ||, 25, 26, 27, ||, Eg, m The next section 



deals with a brief review of the perturbative aspects of string theory to familiarize the 
reader with well known results. First, the string worldsheet action is introduced and 
the symmetries of the action are listed. A very quick exposition is given to the solu- 
tions of the equations of motion and mode expansions for the string coordinates and 
essentials of the Virasoro algebra are recalled. The evolution of the string in its mass- 
less background in the first quantized approach is discussed and the consequences 
of conformal invariance are noted. Section III deals with the symmetries of string 
theory. The theory is endowed with a rich symmetry structure in the target space 
besides the worldsheet symmetries. We introduce the duality symmetries since they 
play a very important role in our understanding of the string dynamics in various 
spacetime dimensions and they unravel the intimate connections between different 
string theories. The subsequent Section, IV, is devoted to to discuss the recent efforts 
to unify string theories. Besides duality symmetry, spatially extended objects, gener- 
ically called p-branes, which appear as solutions to the effective action, are crucial to 
our understanding of string dynamics and to test some of the duality conjectures. We 
introduce some of the salient features of these objects and provide simple examples 
of the solutions. The raison de etre for M-theory is presented. We give an example 
how compactification of M-theory provides connections with the string theories and 
their various brane content. The fifth Section deals with issues related to black holes 
that appear in string theory. Since string theory describes gravity, it is expected that 
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the theory will be able to provide insights into deep questions in quantum gravity. 
Indeed, some of the issues in the physics of the black holes have been resolved by 
string theory. It is known for more than two decades that a black hole is character- 
ized by entropy and the Hawking temperature from the thermodynamic analogies. 
Moreover, the seminal work of Hawking demonstrated that the black holes radiate 
when quantum effects are taken into account. Recently, the black hole entropy has 
been computed as a microscopic derivation in the frame work of string theory. Fur- 
thermore, the absorption cross sections for incident particles and the distribution of 
Hawking radiation emitted from special class of stringy black holes have been evalu- 
ated from a microscopic theory. Section VI contains a brief account of the M(atrix) 
model. The M(atrix) model proposal to describe M-theory has drawn considerable 
attention. Some of the calculations in this model give surprising agreements with 
results of supergravity theories. Moreover, when one considers compactification of 
the model on torii the resulting theory can be related to supersymmetric Yang-Mills 
theories through duality. We discuss some of the features of the Maldacena conjec- 
tures in Section VII. According to the conjecture, in a concrete form, if one considers 
N coincident 3-branes of type IIB theory on AdS^ x then the correlation functions 
of supergravity on the AdS^ get related to correlation functions of the = 4 super 
Yang-Mills theory living on the boundary of the AdS^. This is a rapidly developing 
area and we shall be contented with some of the simple examples. In the last section 
we present an overview of the field. We make a few remarks to convey the reader how 
the work in string theory has influenced research in other branches of physics. 

2 Perturbative Aspects of String Theory 

We have outlined the historical backgrounds and the developments of string theory 
in its early phase in the previous section. In this section, we shall present some of the 
essential features of string theory such as its quantization, the perturbative spectrum 
of theory and the supersymmetric version of string theory. 

Nambu had proposed the action for a string in analogy with the action for a relativistic 
point particle: the action for point particle in an integral over an line element; the 
string action is expected to be an integral over a surface. 

The Nambu-Goto action was introduced almost three decades ago and has the 



where a and r are the coordinates on the surface swept out by the the string, called 
'worldsheet'; = and X'^^ = and we shall follow this definition all along 

' OT OCT ° 

unless specified otherwise. The equations of motion can be derived after specifying 
boundary conditions for the types of string one is dealing with. One important point 



form 




(2.1) 
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to be noted is that the theory described by the above action satisfies two constraints 

n.x' = 0, + TX'^ = (2.2) 

where U,, = 4^ is the canonical momentum of X'^ obtained from this action. We 
reserve the notation for the canonical momentum of the coordinate derived from 
the Polyakov action. We shall elaborate significance of these constraints later. 
However, this form of action was not very convenient to deal with the quantization 
of string and an alternative form of action was proposed by Polyakov |^| 

S = -\j d'a^r%X'^d,X^r]^, (2.3) 

Jab is the worldsheet metric, 7"'' is its inverse, 7 is determinant of worldsheet metric 
and rjfj^i, is the flat space metric of the target space. The variation of the action with 
respect to 7"^* results in the worldsheet stress energy momentum tensor 

Tab = daX.dbX - ^pabl^'d.X.daX (2.4) 

Tab = 0, since there is no kinetic term i.e. as the analogue of Einstein-Hilbert piece, 
/ (PaR^"^^ is a topological term. We can solve for 7^6 from the above equation 

Jab = daX^dkX'^v.u (2.5) 

If we insert the above expression for worldsheet metric into the Polyakov action, then 
we recover Nambu's action. 

The action ( p.3|) has following symmetry properties, 
(a) Two dimensional reparameterization invariance 

Sjab = Cdclab + daClbc + dbClac (2.6) 

and hence 7 = t^a(^"V— 7)- The string coordinate transforms as 

SX^" = CdaXf" (2.7) 

Weyl invariance 

S-fab = 2n-fab, 5X^ = (2.8) 
Poincare invariance (in target space) 

dX^' = uj^tX"" + a^ bjab = (2.9) 

where ut^ are antisymmetric parameters associated with the Lorentz transformation 
and are the parameters of translation. 

Note that the Weyl invariance implies tracelessness of the two dimensional energy 
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momentum tensor for the classical theory. The quantum invariance of this symmetry 
has far reaching consequences in string theory. 

If we make the orthonormal gauge choice for the worldsheet metric 'jab = Vab 
with rjab = diag(— 1, +1) the, form of Polyakov action simplifies since a/— 77**^ = f]"''' 
in this gauge. The condition of the vanishing of Tab reduces to two constraints 

{X±Xy = (2.10) 

These are the Virasoro constraints. They take the following form in the Hamiltonian 
formalism 

P^X'^ = 0, H =^{P^ + TX'^) = (2.11) 

where is momentum conjugate to derived from Polyakov action. It is easy to 
see that the first constraint generates a translation on the worldsheet, whereas latter 
being the canonical Hamiltonian generates r translation. 

The equation of motion for the string coordinates, in the light-cone variables ^+ = 
T + a and ^_ = r — a, are given by 

d+d^X^" = (2.12) 

We note that the equation of motion is derived with following boundary conditions: 
(i) X^(r, cr + 27r) = X'^(r, a) for the closed strings, and (ii) X'^^ = for a = and 
0" = 27r in the case of open strings, when we apply the variational method. 
Let us illustrate the mode expansion for the closed string starting from the equation 
of motion with periodic boundary condition in a. We first note that the string 
coordinate can be decomposed as a sum of left-moving and right-moving coordinates. 

X^{t, a) = X^{t + a)+ X^^{t - a) (2.13) 

Then the two can be expanded as follows: 

X^(r + a) = — + -^(r + a) + -j== Y lf!lie-^'"(^+-) (2.14) 

The sum is over all integer values of m (m = is excluded) in the above equations, 
and are the Fourier modes Q. Since X^ ^ are real, so are and p^; the Fourier 
modes satisfy 

{<T_=a'-m, «r = «^^n. (2.16) 

^We have adopted a shortcut route and taken the a' s to be time independent. The proper pro- 
cedure would be, since we are yet to quantize, to allow them to be r-dependant and determine their 
equations of motion from the Poisson bracket with the Hamiltonian which in turn would determine 
the T-dependence of the a' s. Thus, the systematic steps would have been to take combination of X 
coordinates and P's as one does in the case of harmonic oscillator go through the appropriate steps 
on this occasion also. 
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from the reality condition. For the closed string case, the classical Hamiltonian is 
given by 

H = -{^am-a-m + ^ama-m) (2-17) 

in terms of the Fourier modes. The constraint, Tab = 0, obtained from the Polyakov 

action, takes the form T = = and T+_)_ = |(c?+X)^ = 0, in terms of the 

hght-cone coordinates, after one has gone over to the ON gauge. It is more convenient 
to express these constraints in terms of the Fourier modes introduced above and define 
the Virasoro generators 

1 - 1 

Lm = ^^Oim-nOln, and = - 'Y^a.m-nOtn (2.18) 

And 

H^Lo + Lo (2.19) 

We can obtain classical Poisson bracket relations amongst L^, similarly for the set 
Ljn, starting from the canonical Poisson bracket between and P^. 

[Lm, Ln]pB = -i{m - n)Lm+n (2.20) 

[Lm, Ln]pB = (2.21) 

the PB between {Z^} is same as for {-L^}. These are classical Virasoro algebra. 
We have noted earlier that the string theory is endowed with local symmetries in 
the worldsheet and the action is that of D-scalar fields in 1 + 1 dimensions, since 
H = 0, 1...D—1 takes D values. When we proceed to quantize this theory, we encounter 
problems similar to the one faced in quantization of gauge theory. In other words 
we have to fix the gauge here too. One can choose to work in a noncovariant gauge 
which has the advantage of dealing with physical degrees of freedoms directly, but 
at the price of losing manifest Lorentz covariance. On the other hand one can adopt 
covariant quantization prescription with all its elegance and power. The light-cone 
quantization, although noncovariant, is very useful and gives us a physical picture. 
As the first step, the classical constraints are solved and one is left with less number of 
variables Recall that there were some remnant symmetries after choosing conformal 
(ON) gauge: — Ai(^_|_) and = A2(^-). One can utilize this property to write 

X+ ^x+ + a'p+r (2.22) 

Defining the light-cone string coordinated X^ = X'^±X^ one can impose the classical 
Virasoro constraints (X± V)^ = 0. Thus X' is determined in terms of the rest of the 
(transverse) coordinates, X'; and in this process both X+ and X~ are totally elimi- 
nated and we are left with {X^}. Then the oscillators of these coordinates will create 
the states which could be identified with particles with physical degrees of freedom 
only. So it gives us a physical picture of the states. However, as mentioned earlier 
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and as is the case with noncovariant gauge fixing in QED or Yang-Mills theories, the 
Lorentz invariance must be checked explicitly. For the case of string theory, one is 
required to construct the generators of Lorentz transformations and ensure that the 
generators satisfy the algebra. It is well known that this requirement is not fulfilled 
unless the string propagates in 26-dimensional spacetime. On the other hand, if one 
adopts the covariant BRST procedure, it is necessary to add the ghost term to the 
action and construct the corresponding Virasoro generators for the ghosts. Thus the 
full Virasoro generator is a sum of the oscillators coming from string coordinates and 
those from the ghosts. When we compute the quantum Virasoro algebra, there is an 
anomaly of 26 from the ghost sector which gets precisely canceled if the spacetime 
dimension is 26 since each bosonic degrees of freedom contributes a factor of one to 
the anomaly with a sign just opposite to that coming from ghosts. 
There are infinite tower of states in string theory. It is useful to arrange them ac- 
cording to their oscillator levels. Notice that the worldsheet degrees of freedom of 
the string arc envisaged as a collection of infinite number of harmonic oscillators. If 
we consider creation operator of one of these oscillators, we could define a level such 
that the number of of units of worldsheet momenta created by this operator while 
acting on the vacuum. If we have a state, then the total oscillator level of that state 
is the sum of the levels of all the oscillators acting on the Fock vacuum to create 
this state. For the free string, the coordinates can be decomposed into left moving 
and right moving sectors. Therefore, one can define left and right moving oscillator 
oscillator levels (same decomposition is valid when we add fermionic degrees of free- 
dom). Thus one can write Lq — ^{E + P) and Lq — — P), where E and P are 
worldsheet energy and momentum respectively. Therefore, Lq and Zq get contribu- 
tions from the oscillators and from the Fock vacuum. We may remark in passing that 
the momenta of the spacetime D-dimensional theory (25 + 1 for bosonic string and 
9-1-1 for superstring) are the ones conjugate to the zero modes of the bosonic/and/or 
fermionic worldsheet theory. Therefore, the ground state of the closed bosonic string 
is a tachyon satisfying the relation a'm^ — —4, with a' — The first excited 

(massless) states of closed string are: 

• Spin 2 state, G^^, identified as graviton. 

• An antisymmetric tensor field, B^y. 

• A scalar, 0, called dilaton. 

They belong to the irreducible representation of the 5*0(24) group. These states are 
created by action of a single creation operator from the left moving sector and an- 
other creation operator from the right moving sector. Therefore, they will have two 
target space Lorentz indices and one can decompose them according to irreducible 
representations of the corresponding rotation group. 

Introduction worldsheet fermions has important consequences. In fact, if one 
demands worldsheet superconformal symmetry generalising from the bosonic string 
coordinates to include fermionic degrees of freedom, then resulting theory is the su- 
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perstring. First we need to construct two dimensional supergravity action. One needs 
to add to the action (|2.3| ) the action 



- 1 1 rfVe{^^'^7°7'^'9,^^ - iKi'i^'Vdbi', - ^^'^TVM^aTS'^A J (2.23) 

The notations are as follows |^: ip^ are worldsheet two component Majorana 
fermions, e\ are the zweibeins associated with the worldsheet metric, e is its determi- 
nant. A" is the gravitino on worldsheet satisfying A* = Xa- The gamma matrices in 
the worldsheet have following representations: 7° = o"2,7^ = and 75 = 7^7^ = (J3, 
(jj being the three Pauli matrices. We shall go over to the superorthonormal gauge, 
where the worldsheet metric is flat metric times a conformal factor (mentioned al- 
ready) and gravitino is chosen to be A^ = 7^^ where C is a constant Majorana spinor. 
Then the action ( p.23| ) takes a simple form and is expressed in terms of the Weyl 
Majorana fermions (it is a free fermion theory now) 

iT r 

-—J rfV[^^(a.-a.)^+^ + r(9. + 5.)^-,] (2.24) 

with the definition of the chiral fermions: ~ ki^ ~ Ts)"^ and ip- = |(1 + 75)'?/', the 
spacetime index is suppressed. Now it is evident that the fermion equations of motion 
will separated according to the chiralities, as is expected for massless fermions. The 
worldsheet supersymmetry transformations are 

6X^ = e^f" (2.25) 

S^^' = -ij^daX^'e (2.26) 

For the two component Majorana fermions; e is the fermionic parameter associated 
with the supersymmetry transformation. The supercharge is the time component of 
supercurrent integrated over a variable. The current is 

r = 7^5feX'^7>^ (2.27) 

Next, one defines the super Virasoro generators and compute the quantum algebra 
and derive the condition for absence of anomaly. In case of the superstring the critical 
dimension is ten in contrast to bosonic string where it was 26. 

Now we shall consider a few points before discussing how spacetime supersymmetry 
multiplets appear in the spectrum of the superstring. We had mentioned that the 
bosonic string has a tachyon in its lowest level which will render the theory unstable. 
Although, worldsheet supersymmetric theory moves in ten dimensional spacetime, 
the super Virasoro algebra does not impose sufficient constraints to remove the un- 
desirable tachyon from the spectrum in general. 

Notice from the fermionic equations of motion (we suppress the bosonic part momen- 
tarily to focus attentions on fermions only) that there is some freedom in the choice 
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of the boundary condition as a goes over a period of 271. The is due to the fact that 
the action remains invariant under if) — ^ —ip for fermions of either chirahty. The 
boundary conditions are: 

^(or + 27r) = -V^(ct) (2.28) 

known as Neveu-Schwarz boundary condition is antiperiodic[^. The periodic bound- 
ary condition 

i){a + 27:) = i){a) (2.29) 



is the Ramond condition |39]; the indices are suppressed for notational convenience. 



The mode expansion for, say the holomorphic field, is 

^^^(r + or) = S„<e-'^(^+'^) (2.30) 

It is easy to see that for Ramond boundary condition, n must be integers. When we 
impose NS (Neveu-Schwarz) boundary condition and expand the fermions in Fourier 
modes, then n will take half integer values. We note that the NS fermions have no 
zero modes, whereas the Ramond fermions have zero modes in the Fourier expansions. 
Let us extend the arguments, we used for the bosonic string, for the superstring and 
examine their spectrum. The aim is to get rid of the tachyon and to construct states 
using bosonic and fermionic operators such that these states transform like fermions 
and the resulting theory be endowed with spacetime supersymmetry. We shall con- 
sider the light-cone gauge so that physical degrees of freedom become transparent. 
In addition to the condition = x'^ + P'^t, one imposes constraint 

^+ = ^P+ = (2.31) 

for the NS fermions, when we have Ramond fermions, they can be set to zero except 
for the zero modes. Now we look at the superconformal constraints and solve for 
X~ ,ip~ in terms of the rest of the coordinates. Thus we can use the (physical) 
transverse oscillators of both X and ijj to construct the physical states and keep in 
mind the presence of appropriate zero modes. It follows from straight forward calcu- 
lation that the ground state in the NS sector is tachyon. The next level obtained by 
operating ip"^ contains massless states. Thus we need to remove the tachyon as well 
as some of the unwanted states, at the same time, keeping the massless spectrum 
in tact. Notice that worldsheet fermions are anticommuting objects, although they 
create bosonic states while operating on a state of the theory. This feature is not very 
desirable as will be evident from the following example. Let us consider a specific 
bosonic state of a superstring and then operate on it a worldsheet spinor, ip^, obey- 
ing NS boundary condition. The resulting state will still be an integer spin object 
even if we have operated by anticommuting operator; this is rather unusual. We can 
think of a situation when odd number of NS operators act on a bosonic state and 
obviously same situation will continue to prevail, whereas for even number of such 
operators we face no problem since even number of anticommuting operators can be 
grouped to behave like bosonic operators. If we demand that all the states be even 
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under (—1)^, then half of states which had above mentioned undesirable feature, are 



removed including the tachyon. This is the GSO |^ projection. Moreover, after 
the unwanted states have been discarded from the spectrum, the remaining states 
of the theory belong to the representations of spacetime supersymmetry when we 
consider full spectrum of the superstring theory. Note that the operator (—1)^ is 
defined up to a sign ambiguity. If we choose the sign convention that the first excited 
state has (—1)^ = +1 which arises due to action of V'*, on the ground state, then 
we can fix (—1)'^ quantum number of the rest of the states. In this sign convention, 
tachyon will carry quantum number -1. There is another convention where tachyon 
has quantum number +1 and then the massless, first excited state, carries quantum 
number -1. The fermion numbers and can be introduced separately for the left 
and right moving sectors respectively. When one computes supercharge algebra with 
Ramond condition, the zero modes of the fermions in supercharge give an anomaly 
term besides the Lq term (that is Hamiltonian) and anomaly vanishes for D = 10. 
Moreover, the anticommutation relation of the R-zero modes are like Dirac gamma 
matrices carrying target space indices. One finds that massless states appear in the 
R-sector and they satisfy Dirac equation. They transform as ten dimensional spinors 
(S) or conjugate spinors (C). Since we are considering the left moving sector here at 
the moment, S has +1 eigenvalue and C has —1 eigenvalue under the (—1)^^. When 
we construct other excited states on these states they turn out to be massive. In view 
of this one need not apply GSO projection, no tachyon is to be removed. 
When we combine the left and right moving sectors four combinations will appear in 
the description of the closed string spectrum. NS-NS, NS-R, R-NS and R-R; where 
the first sector is from left movers and second is from right movers in the above four 
combinations. Let us look at them one by one. 

(i) NS-NS: The states are created due to the action of the creation operators from the 
left and the right moving sector. They will transform as tensors under 10- dimensional 
Lorentz transformation. After GSO projection is implemented, the lowest lying states 
are massless and they can be decomposed into three groups, symmetric traceless, an- 
tisymmetric tensor and a scalar under the rotations. 

(ii) NS-R: The GSO projection, as discussed is (—1)'^^ = 1 and one keeps the S rep- 
resentation of the R sector here. The the massless states consist of spacetime spinors. 

(iii) R-NS: Here the GSO projection on NS sector from right side gives fermion num- 
ber 1. We have the choice of keeping S spinor or the C spinor and obviously the states 
are spinor ial. 

(iv) R-R: The fermionic operators act from both sides and therefore, the resulting 
state will be bosonic in character. It will depend what combination we decide to 
keep. For example, if one keeps S from left side and C from right side the product 
decomposes into a vector and a three index antisymmetric tensor (has to be antisym- 
metric - it arises from anticommuting objects). These belong to the bosonic sectors of 
type IIA theory. There is other combination which S from left and S from right com- 
bine and their decomposition is a scalar, 2-form potential and 4-form (antisymmetric) 
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potential whose field strengths are self-dual in ten dimensions and these states are 
bosonic sector of type IIB theory. 

We are in a position to classify string theories according to their important charac- 
teristics. There are two 10-dimensional theories which have N = 2 supersymmetry 
in target space. Their massless bosonic sectors are as follows: type IIA has graviton, 
Gfj_i^, antisymmetric tensor i?^,^ and dilaton, 0, coming from the NS-NS sector and 
a gauge potential and three index antisymmetric tensor potential C^^x, coming 
from the R-R sector. These two theories have 32 generators of supersymmetry; type 
IIA is called non-chiral theory whereas type IIB is known as chiral theory. Although 
the bosonic fields coming from the RR sectors in these two string theories are tensors 
of different ranks, the total number of degrees of freedom of these tensors in each of 
the theories (A and B) are the same |^ and this can be checked by counting the 
physical degrees of freedom RR gauge fields of type IIA and IIB. 
Next, we introduce the heterotic string which is very attractive when one tries to 
establish connection of string theory with the gauge groups of the standard model. 
The heterotic string, in ten dimensions, contains = 1 supergravity multiplet, super 
Yang-Mills gauge theory along with chiral fermions. There are two possible choices 
for the gauge groups: 5*0(32) or x Eg, in the construction of the heterotic string. 
Therefore, heterotic string theory fulfills Green-Schwarz anomaly cancellation condi- 
tion. Moreover, when the theory is compactified to four dimensions on Calabi-Yau 
manifold, the resulting theory has many features of the standard model and the gauge 
group SU{3) X SU{2) x U{1) can be embedded in the 4-dimensional theory. Let us 
briefly discuss how the heterotic string is constructed. We discussed the closed bosonic 
string and noted that the string coordinates can be decomposed to left movers and 
right movers and each can be expanded in Fourier modes. Moreover, the Virasoro 
generators are also separated into two groups, one group is expressed in terms of 
oscillators of one kind only (say left mover) and the other group of generators are 
expressed in terms of the oscillators of the other types (left movers). When one com- 
putes the quantum algebra, the anomaly free condition is imposed on each groups 
of Virasoro generators. In case of a closed string with worldsheet supersymmetry, 
same situation appears, because the fermion equations of motion is also written in 
terms of equations of motion of the Weyl Majorana fermions. If we were interested in 
constructing a string theory which satisfies requirements of conformal invariance, we 
could have a left moving closed bosonic string and a right moving superstring. The 
former will satisfy Virasoro algebra and latter the super Virasoro algebra. 
The triumph of the Heterotic string is that, when we look at the massless spectrum 
of the theory, it has = 1 spacetime supersymmetry, contains the appropriate gauge 
groups (S'0(32) or E^ x Eg) as is required for the consistency due to Green-Schwarz 
anomaly cancellation condition. Therefore, the closed bosonic string has 16 of its 
spatial coordinates compactified so that those coordinates themselves are periodic. 
Furthermore, using the standard techniques of 1 -|- 1 dimensional field theory, the 
compact bosonic coordinates could be fermionised to give 32 Weyl Majorana fermions 
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which are left movers. Thus, we have 10 bosonic coordinates and their 10 super part- 
ners (in hght-cone gauge 8 bosons and 8 fermions) in the right moving sector and 10 
bosonic coordinates and 32 fermions (from compact coordinates) on the left moving 
sector. Whenever, we adopt NS boundary conditions for these fermions arising out 
of compactification, tachyon will appear in the spectrum. Of course, by introducing 
GSO projection on the right moving sector we shall have spacetime supersymmetry. 
So far as right moving part is concerned, bosonic states come from states with NS 
boundary condition and fermions arise due to the Ramond boundary conditions. The 
choice of boundary conditions on the left moving fermions (coming from compact 
directions), give rise to two different types of gauge groups, (i) All the left moving 
fermions can satisfy R-type (periodic) boundary condition or they can satisfy NS-type 
boundary conditions. Then there is GSO condition which ensures that there are only 
states which have even number of these fermions (only one type boundary condition). 
Thus the massless bosonic spectrum is given by symmetric second rank tensor field, 
antisymmetric tensor field and a scalar together with 496 gauge bosons belonging to 
the adjoint representation of SO (32). (ii) The second possible choice of boundary 
condition for the left moving fermions is to divide them to two groups containing 16 
fermions. Now there are four choices of boundary conditions (a) All satisfy R bound- 
ary conditions, (b) periodic (R) boundary condition is imposed on both the groups, 
(c) all the fermions in first group (call it I) have R boundary condition and the group 
II has NS antiperiodicity and finally (d) group I belong to NS boundary condition 
and II are in R. The GSO projection is such that it keeps even number of fermions 
from each group in the spectrum in every sector. When one works out the bosonic 
spectrum, it contains again second rank symmetric tensor, antisymmetric tensor of 
rank two, the scalar, dilaton and 496 gauge bosons in the adjoint representation of 
Eg X Es- 

There is another superstring theory, known as type I. A simple way to describe type 
I string is from the perspective of IIB theory. Consider the parity operation V on the 
worldsheet such that the 'spatial' coordinate a —a under V. In type IIB theory, V 
exchanges left and right moving sectors. Now, if we demand that we retain only those 
states which are invariant under we get the type I string. In the NS-NS sector, 
graviton and the dilaton survive; the antisymmetric tensor is removed. Prom the RR 
sector, the only surviving field is the second rank antisymmetric tensor. Moreover, 
there are Weyl Majorana fermions and a gravitino surviving the operation giving rise 
to = 1 supergravity multiplct. The open string states are also included in type I 
spectrum. In this case, the worldsheet degrees of freedom are same as in the closed 
string case. One imposes Neumann boundary conditions on the bosonic coordinates 
and suitable boundary conditions on worldsheet fermions. The gauge group that 
can get attached to the open string is SO{2>2) and thus there is corresponding super 
Yang-Mills theory besides the states we mentioned above. 

Thus there are five perturbatively consistent string theories. The scattering of parti- 
cles belonging to spectrum of a string theory can be described by introducing vertex 
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operators |^ . They are required to satisfy constraints due to conformal or supercon- 



formal transformations. They must transform as representations of Lorentz group, 
hke a wave function. In the first quantized frame work, one can calculate scattering 
of these particles in a well defined perturbation theory. It is one of the great virtues 
of the super string theories that all these calculations are ultraviolet finite. Therefore, 
we have five different string theories in ten dimensions. 

One of the most efficient ways to study properties of string theory is to investigate 
the evolution of a string in the background of its massless excitations and then ex- 
plore the consequences of conformal invariance for such a situation. Let us consider 
closed bosonic string in the background of its massless excitations such as graviton, 
antisymmetric tensor and dilaton. The action (p.3|) generalizes to 



Here R^"^^ is the scalar curvature of the worldsheet computed with jab- The first 
two terms show the couplings of G^^, and B^^i, to the string coordinates. In close 
string theory there is a massless state which transforms as symmetric second rank 
tensor and it is identified as graviton and there is an antisymmetric massless second 
rank tensor state. The above action describes motion of the string in the background 
of these massless states, G^j, and Bf^,^; the last term is the coupling of the string to 
the massless scalar, the dilaton. This is an action for a two dimensional a-model 
and we can interpret that G^^i, and B^^, play the role of coupling constants. At 
the classical level the dilaton coupling breaks the conformal invariance explicitly. 
However, it is important to explore the consequences of the quantum invariance as 
we have seen that the quantum invariance principle imposes strong constraints on the 
theory. There is a well defined procedure to compute the conformal anomaly for such 



theories |[44||. One of the ways to ensure conformal invariance of the quantum theory 
is to demand that the two dimensional energy momentum stress tensor has vanishing 
trace. As is well known, the conformal anomaly is related to the corresponding (3- 
function of the theory. Thus, vanishing of the /5-functions will ensure conformal 
invariance. Moreover, the beta functions can be computed order by order in the 
(T-model perturbation theory; a' being the expansion parameter. The relevant f3- 
f unctions are: 

0^ 1 

^ = R^,- -if^pA^f + V^V,0 (2.33) 
^ = W[e-^H^.,] (2.34) 

= A + 3a'[{V^Y - 2\/^V^4> -R+ ^H^] (2.35) 

The notations are as follows: R^u is the Ricci tensor for the target space computed 
from the string frame metric G^i,. A = D — 26orD — 10 depending on whether we 
are dealing with a pure bosonic string or superstring (if we deal with superstring the 
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coupling of worldsheet fermions to the background has to be taken into account), D 
being the spacetime dimension. H^^p = (9^_Byp + cycLperm, is the field strength of two 
form potential B^iy. It might be worthwhile to point out that for the constant value 
of dilaton the last term in (p.32|) is just the Euler character of the surface. When we 



write the path integral form with the action, we see that the factor e~^'^° comes out; 
where x is the Euler character and 0o is the constant value of the dilaton. In this 
light the string coupling constant is defined as 

gstr = e-^"/' (2.36) 

Let us look for an action in the target space such that the variation of that action with 
respect to the backgrounds G^,^, B^^^ and would reproduce the /5-function equations 
we have obtained earlier. We also know that these /3-functions must vanish (to the 
order in a' they are computed) in order to respect conformal invariance of the theory. 
The resulting action is 

S = j d^'xV^e-'f'lR + (90)2 - ^H^] (2.37) 

This action is called the tree level string effective action. Solutions of the equation 
of motion of this action (same as solution to /5-function equation) correspond to 
admissible background configurations with respect conformal invariance. In other 
words, every solution is an acceptable vacuum of the string theory to lowest order in 
a' since the effective action is obtained from the /3-function equations keeping only 
lowest order terms in cr-model perturbation theory. Therefore, if we find solutions 
which correspond to cosmological situation with given G, B and 0, or a black hole 
solution, or a wormhole solution all these types of geometries with the appropriate 
matter content, consistent with the equations of motion, can be interpreted as string 
vacuum backgrounds. 

So far we have been discussing the quantization of string theories and examining the 
consequences of conformal invariance. Note that all the consistent string theories 
are defined in spacetime dimensions higher than four i.e. D = 10. Therefore, one 
must answer the question what these theories have to do with the spacetime where 
we live. This issue has been taken up by Kaluza and Klein more than seven decades 
ago. The basic idea is rather simple. In order to construct a unified theory of 
gravity and electrodynamics, they considered an Einstein-Hilbert type action in 5- 
spacetime dimensions which is invariant under general coordinate transformations in 
five dimensions. Let us imagine that one of the dimensions, the 5th one, is a circle of 
very small radius which could not be probed today using any particle whole de Broglie 
wave length is comparable to the size of that circle. Then we shall not be aware of 
this scale. Let us assume, to a first approximation, that the metric does not depend 
on the 5th coordinate. Kaluza and Klein showed that the resulting theory looks like 
Einstein theory and Maxwell theory in four dimensions. What was general coordinate 
invariance in 5-dimensional theory, turned out to be general coordinate transformation 
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and Abelian gauge transformation (of Maxwell theory) in four dimensions. Although, 
the original Kaluza-Klein proposal had many short comings, the idea is very relevant 
for construction of four dimensional theories starting from the 10-dimensional string 
theories in the present context. We shall explore this aspect and we shall see how 
duality symmetries arise for compactified string theories. We shall set T = 1 from 
now on, whenever, we shall need to introduce the slope parameter/tension , we shall 
explicitly mention in that context. 



One of the marvels of the string theory is its rich symmetry structure. We have 
noticed how the conformal invariance imposes strong constraints on the theory: when 
we consider flat spacetime the dimensionality is fixed by this symmetry. On the other 
hand if we consider strings in backgrounds, we get the equations of motion for them by 
demanding that the corresponding /3-functions must vanish. Moreover, there are local 
symmetries like invariance associated with general coordinate transformation due to 
the presence of the graviton and an Abelian gauge symmetry since the antisymmetric 
tensor is also a part of the massless multiplet. 

The duality symmetries play a crucial role in understanding various features of string 
theory. Since string is an extended object, there are symmetries special to string 
theory. Consider a particle whose motion is on a circular path, the momentum is 
quantized in suitable units of the inverse radius in order that the wave function 
maintains single valuedness. However, in case of a string, one of whose coordinate 
has geometry of a circle, offers more interesting possibilities. In fact a string theory 
with one spatial direction compactified as of radius R cannot be distinguished 
from another theory whose coordinate is compactified on a circle of radius Let the 
compactified coordinate be denoted by Y{(t,t) with the periodicity condition 



Furthermore, the string coordinate is also periodic when a goes over 27r for the closed 
string. Since, the coordinate is compact, zero momentum mode must be quantized 
to maintain single valuedness of the wave function just as the case in field theory. 
In case of the string, the string can wind around the compact direction. It will cost 
more energy if the string winds m-number time, because it will have to stretch more. 
Therefore, the effect due to windings has to be taken into account too while estimating 
energy levels Thus the mode expansions for left and right moving sectors are: 



3 Duality Symmetries in String Theory 






(3.2) 




(3.3) 
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The momentum zero modes pr^l will have the following form to be consistent with 
what we said earlier 



Pi?= y|(;^-^H> and PL = -^(- + i?m) (3.4) 

The above equation states that in general the contribution of the Kaluza-Klein mode 
is times an integer and the winding mode is an integer times the radius. The total 
momentum is just P = -^{pr + Pl)i which is integral of momentum density over a. 
The total Hamiltonian is 

H = Lq + Lq = -{p\ + Pr) + oscillators (3.5) 

Now we consider the general case of toroidal compactification and present the deriva- 
tion as was done in reference [^. Let Ga/jandi^a^ be constant backgrounds, = 



1, ...(i, and y"(cT, r) are the string coordinates. The two-dimensional cr-model action 
containing these coordinates is 

Icompact = \jd^^ [G^pr^'^'daY^d.Y'' + e'^'B^pdaY'^d.Yf] (3.6) 

where Gai3 and Bap are constant backgrounds. The coordinates are taken to satisfy 
the periodicity conditions ~ + 2-7?. Here we take the compactification radius 
to be unity for simplicity in calculations. For closed strings it is necessary that 

r"(27r,r) =F"(0,r) + 27rm" (3.7) 

where the integers m° are called winding numbers. It follows from the single- 
valuedness of the wave function on the torus that the zero modes of the canonical 
momentum, Pq = GapdrY^ + Bapda-Y^ , are also integers ria- Therefore the zero 
modes of Y°' are given by 

y^" = y" + mV + G'°^(n^-5/37^^)r (3.8) 

where G"^ is the inverse of Gaj3- The Hamiltonian is given by 

n = ^Go^piY'^Y^ + Y"'Y"^) (3.9) 

where and Y'^ are derivatives with respect to r and cr, respectively. Let us 
elaborate a little bit on the significance of what we have done with respect to the 
compact coordinates. Since the coordinates F", are compact, they satisfy. eq.(3.7). 
Moreover, these coordinates can be expanded as usual in terms of their zero modes 
and the oscillators. However, for the discussion of T-duality, we focus our attentions 
on the zero mode parts and the contribution of these parts to the Hamiltonian, given 
above. 
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Since F"((7, r) satisfies the free wave equation, we can decompose it as tlie sum 
of left- and right-moving pieces. The zero mode of P" = G^^Pp is given by p2 + Pr 
where 

p1 = + - Bp,m^)] (3.10) 

P% = li-^" + G'-^n^ - Bp,m^)] (3.11) 

The mass-squared operator, which corresponds to the zero mode of Ti, is given 
(aside from a constant) by 

oo d 

(mass)' = G^Mp^ + p>g) + ^ E(«-m«^n + (3-12) 

m=l i=l 

As usual, {am} and {am} denote oscillators associated with right- and left-moving co- 
ordinates, respectively. Substituting the expressions for pi and pr, the mass squared 
can be rewritten as 



(massy = ^G^f^m^m^ + ^G'^^in^ - B^,m^){np - B^sm') + E(«-m«tn + ^^-mO 

(3.13) 

It is significant that the zero mode portion of ( p.l3| ) can be expressed in the form 

{M,r = \{m n)M-i(^), (3.14) 

where M is the 2d x 2d symmetric matrix expressed in terms of constant backgrounds 
G and B 

M=[ ^ or^-iD (3.15) 



\BG-^ G-BG-^B, 

In order to satisfy a-translation symmetry, the contributions of left- and right-moving 
sectors to the mass squared must agree; Lq = Lq. The zero mode contribution to 
their difference is 

G^p{plp{-plpi)=m^n^ (3.16) 

Since this is an integer, it always can be compensated by oscillator contributions, 
which are also integers. 

Equation ( p.l6|) is invariant under interchange of the winding numbers m" and the 
discrete momenta n^- Indeed, the entire spectrum remains invariant if we interchange 
m" ria simultaneously let 

(G - BG-^B) ^ G-^ and BG'^ ^ -G'^B (3.17) 

These interchanges precisely correspond to inverting the 2d x 2d matrix M. This is 
the spacetime duality transformation generalizing the well-known duality i? ^ in 
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the d = 1 case discussed earlier. The general duality symmetry implies that the 2d- 
dimensional Lorentzian lattice spanned by the vectors \/2{p1, p^) with inner product 

V2 {pL, Pr) ■ V2 ip'^, p'^) ^ 2Go.p{plpf - P>r) = + m"'n^) (3.18) 



is even and self-dual ([^).i For toroidally compactified string theory, the coordinates 
satisfy periodicity condition and the conjugate momenta belong to the dual space and 
are quantized in suitable units. Furthermore, one can define corresponding metric to 
introduce the norm for the coordinates and their dual momentum vectors and define 
an inner product also. For a class of lattices the space of the coordinates (since the 
coordinates satisfy periodicity condition it is like crystals) is the same as the dual 
space, then the lattice is called self-dual. Of special significance, are the spaces where 
the length of the vector is even (with the definition of norm). In that case we have 
even self-dual lattice. These types of lattices are very important in construction of 
string theories with nonabelian gauge groups and to satisfy consistency requirements 
of the theory. 

The moduli space parametrized by Ga/3 and B^/s is locally the coset 0{d, d) / 0{d) x 
0{d). The global geometry requires also modding out the group of discrete symmetries 
generated by Ba/3 3^(3 + N^p and G + B ^ {G + B)~^. These symmetries generate 
the 0{d, d, Z) subgroup of 0{d, d). An 0{d, d, Z) transformation is given by a 2(i x 2d 
matrix A having integral entries and satisfying A'^rjA = rj, where t] consists of off- 
diagonal unit matrices defined below. Under an 0{d, d, Z) transformation 



m\ I m' \ , I m 



n I \ n' J \n 



A( ] and M AMA^ (3.19) 



It is evident that 



m ■ n = -{m n)ri (3.20) 

" = (? J)- (3-21) 



which appears in eq.( p.l6|) , and Mq in eq.( p.l3|) are preserved under these transfor- 



mations. Note that r] is symmetric 2d x 2d matrix with off diagonal elements which 
are d-dimensional unit matrices. The crucial fact, already evident from the spectrum, 
is that toroidally compactified string theory certainly does not share the full 0{d,d) 
symmetry of the low energy effective theory. It is at most invariant under the discrete 
0{d,d,Z) subgroup. 

So far, in discussing issue compactifications, we have considered situations when all 
the coordinates are compact. However, one can envisage the scenario, when some of 
the string string coordinates are compactified and the rest are noncompact. Further- 
more, we treated the backgrounds to be constant; however, in more realistic situations 
the backgrounds should be allowed to depend on noncompact coordinates. This is the 
more interesting situation where we have a ten dimensional string theory and six of 
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its spatial coordinates are compactified on a torus so that the resulting theory is 
reduced to a four dimensional effective theory. We shall adopt the general prescription 



of dimensional reduction [58, Q so that we can compactify an arbitrary number 
of dimensions so that the effective theory is defined in a lower spacetime dimension, 
not necessarily four. This will be useful, since the duality conjectures are in various 
spacetime dimensions and string theories are related by the web of dualities in diverse 
dimensions. 

The starting point is to consider the string effective action in D spacetime dimen- 
sions. The coordinates, metric and all other tensors in the D dimensional space are 
specified with a 'hat'. The coordinates in D-dimensional spacetime are denoted by 
x'^, n, I', etc are spacetime indices. Therefore, D = D + d. The theory is compact- 
ified on a d-dimensional torus, T'^, to D-dimension spacetime. The coordinates on 
the torus, sometimes referred to coordinates of internal dimensions, are denoted as 
y°',a = 1, ...d. The bosonic part of the action is given by 

S = Jd^x V^e-^[i?(G') + G^'^a^^a.^ - ^ H(,op (3.22) 

Note that S is the bosonic part of the string effective action with backgrounds coming 
from NS-NS sector. H is the field strength of antisymmetric tensor and is the dila- 
ton. The backgrounds are taken to be independent of the internal coordinates, of 
the torus. Consequently, any transformations of the coordinated a = 1, 2, ..d does 
not affect the background fields and we recognize that there are d isometries. Fur- 
thermore, associated with these isometries, there will be d Abelian gauge fields since 
the Z)-dimensional metric will have components carrying a D-dimensional spacetime 
index and an internal index a. There will be components of the £)-dimensional metric 
which will carry indices of the toroidal coordinates, say a, (3 and these will transform 
as scalars, often refer to as moduli. Similarly, if we consider the components of the 
£)-dimensional antisymmetric tensor field it will have D x D component antisymmet- 
ric tensor, d Abelian gauge fields coming from spacetime and internal component and 
dxd dimensional moduli (antisymmetric) when considered from D-dimensional point 
of view. 

The metric Gp^o can be decomposed as 

Gf., = ^'^'^ + ^^^7 y , (3.23) 

\ Gap J 

where Gap is the internal metric and ^^j^, the D-dimensional space-time metric, de- 
pend on the coordinates x^. Note the appearance of Abelian gauge fields A^^'>°' due 
to the presence of the isometries. We also expect same number of gauge fields from 
the antisymmetric tensor Bj^y. Thus The dimensionally reduced action is, 

Sd = Jd''x./^e-'^i^R + g^''d,4>d,4>-^H,,pH^'''' 
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+ UT{d,M-^d^M)-^-ri^{M-%:F^^^Y (3.24) 
Here (p = (f) — \ log det G is the shifted dilaton. 

H^up = d^B^p - ^A'i,r]ijJ^lp + (eye. perms.), (3.25) 
JF^j, is the 2(i-component vector of field strengths 

= ^(2) = d,^. - duA^, , (3.26) 

A^l^l = + BaisA^^^^ (recall Ba/s = Bap), and the 2d x 2d matrices M and r] are 
defined as 

^=[bg-^ g-bg~^b)' ^=li oj- (^-2^) 

Note that the elements of the matrix M, Gap and B^js depend on spacetime coor- 
dinates in contrast to the earlier case (|3.15|) where those back grounds were taken 
to be constant. The action (3) is invariant under a global 0{d,d) transformation, 

M n^Mn, fir/fi^ = r], A^^ ^ ^'jA'p, where G 0{d, d). (3.28) 

and the shifted dilaton, 0, remains invariant under the 0{d, d) transformations. More- 
over, M E 0{d, d) and M'^rjM = rj. Thus if we solve for a set of backgrounds, M,J-' 
and (j), satisfying the equations of motion they correspond to a vacuum configuration 
of the string theory. The 0{d,d) symmetry is known as the target space duality (or 
T-duality) symmetry, it is a stringy symmetry and there is no analogue of winding 
modes in ordinary field theory. The symmetry holds good order by order in string 
perturbation theory. Therefore, predictions of T-duality can be tested within the 
frame work of perturbation theory. We remark in passing that, if we had considered 
an effective action in D dimensions with n Abelian gauge fields, the reduced action 
in D dimensions will be invariant under 0{d, d + n) symmetry. This is of importance, 
since in case of the heterotic string, the ten dimensional action with 16 Abelian gauge 
fields corresponding to the Cartan subalgebra of the nonabelian gauge groups of the 
theory, when reduced to lower dimensions with exhibit the symmetry 0{d,d + n) we 
mentioned. 

Thus if we have a set of background configurations it is possible to generate another 
set of gauge inequivalent backgrounds by implementing suitable 0{d,d) transforma- 
tions. The new backgrounds will also satisfy the equations of motion and they will be 
acceptable vacuum configurations. In fact the 0{d,d) symmetry was discovered for 
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non-constant backgrounds in the context of cosmological solutions in string theory 



51| , |52| , when the backgrounds carried only time dependence. One could generate 
new cosmological solutions through 0{d, d) transformations The applications 

of 0{d,d) transformations in the context of black holes was to generate new black 
hole solutions was initiated by Sen [pH] and there is a vast literature in this subject 
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Next, we discuss S-duality in string theory. This symmetry relates a theory in the 
weak coupling regime to a theory in the strong coupling domain. In some it is the 
same theory which gets related to itself, like the type IIB theory. In some other 
situations one theory gets related to another one: a familiar example is that het- 
erotic string compactified on is related to type IIA theory compactified on K^. A 
simple example is the Maxwell electrodynamics. The equations are invariant under 
E ^ B and B — E. However, in the presence of sources, one has to be careful. 
The usual Maxwell equations have only sources carrying electric charges and then 
the equations are not symmetric under the above duality transformations. Thus it 
is necessary to add sources carrying magnetic charges to maintain electric-magnetic 
duality. This led Dirac to formulate the theory of magnetic monopoles. As is well 
known, the existence of magnetic monopole in the theory leads to the famous charge 
quantization condition: e ■ g = 2im, where e is the electric charge and g is the mag- 
netic charge. This relation has profound implications; if the theory of electrically 
charged particles is described by a small coupling constant (indeed fine structure con- 
stant a = Y^y), then the theory describing magnetic monopoles will have large value 
for such charges corresponding to strong coupling constant. In the case of gauge 
theories with spontaneous symmetry breaking, magnetic monopoles appear as clas- 
sical solutions of nonlinear field equations pBI, p^. Note that the electric charge in 



such theories are obtained from the Noether currents whereas, the magnetic charge 
of 't Hooft-Polyakov monopoles are of topological nature. The charges respect the 
Dirac quantization condition. Furthermore, the massive gauge bosons (acquiring mass 
through Higg's mechanism) have masses proportional to the gauge coupling constant, 
whereas the monopole masses are inversely proportional to the gauge coupling con- 
stant (electric charge). Consequently, if the gauge bosons are light in a SSB theory, 
the monopoles are heavy; indeed the monopoles have the interpretation of being the 
solitons of the theory. One of the most fundamental contributions to developments 
in S-duality came from the work of Montonen and Olive [Q. According to them, we 
might envisage a dual formulation of fundamental physics where the role of Noether 
charges and topological charges are interchanged. One can visualize that monopoles 
will appear as elementary particles and the W-bosons will be solitonic counter parts. 
In fact one could check their mass formula = C(e^ + g"^); where C is related to 
VEV of Higgs in SSB theories. In fact W boson and photon satisfy this formula. If 
a particle had been discovered with magnetic charge this relation could be verified. 
Since it is symmetric under the interchange of e and g and Dirac's rule tells us that e 
and g are related, one could formulate the theory in the dual picture. However, the 
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monopole mass obtained in SSB theory is a classical one and it is subject to quantum 
corrections. Thus, Montonen-Olive idea could not be consistently checked in usual 
field theories. There are special types of supersymmetric field theories where there is 
no quantum correction to the mass and furthermore, the W-bosons and monopoles 
belong to the same multiplet. In such cases there is the possibility of checking this 
conjecture. 

We recall that the Yang-Mills theory also admits the introduction of the 9 term in its 
action. Thus, gauge theories have two parameters, the Yang-Mills coupling constant 
e and the 9 parameter. The latter couples to the field strengths as follows: 

F^^Fr, (3.29) 



327r2 ' 

where F'^^'^ = e'^^F^^. Note that this term is a surface term and does not contribute 
to classical equations of motion and presence of this term does not affect renormaliz- 
ability in the perturbation theory. It was noted by Witten that in the presence of 
monopoles, this term shifts the allowed values of the electric charge in the monopole 
sector. Thus we can have electrically charged, magnetically charged particles and a 
third kind of particles carrying both the charges. The Yang-Mills Lagrangian can be 
written in the following form after taking into account the effect of the 9 term and 
introducing a complex coupling constant t = ^ + ^ 

^ = -^^"^(^[^r + ^Frw,^ + (a.ao) 

Following qualitative argument tells us about the strong-weak duality group, (i) 
When 9 goes over its period 27r physics is the same. Thus, we expect that the theory 
be invariant when r ^ r + 1. (ii) We also know that, under electric magnetic duality, 
r — >• — i One can argue that, when 9 is arbitrary, the duality group is generated by 
these transformations. Thus, the duality group is identified to be SL{2,Z). There- 
fore, in a theory with SL{2, Z) symmetry one could check the spectrum with charged 
particles, monopoles and dyons. The complex coupling constant r is often referred to 
as modular parameter or moduli. Moreover, when we discuss strong-weak duality in 
the context of string theory, dilaton and axion will be combined to define the moduli 
field. As mentioned earlier, string theory does not admit any arbitrary parameters as 
coupling constants. All the coupling constants appear as VEV of some scalar fields, 
i.e. moduli. Therefore, very often, the term coupling constants and moduli are used 
interchangeably in string theory. 

As mentioned earlier, the mass formulas are protected from quantum corrections in 
supersymmetric theory. Moreover, some of the solitonic solutions in the supersym- 
metric theories satisfy special properties: (i) They saturate the BPS bound and (ii) 
these solutions preserve a part of the supersymmetry of the original theory. These 
attributes play a very important part in testing duality conjectures in field theory 
and in string theory. In order to illustrate the basic point, let us consider a two 
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dimensional example due to Witten and Olive 0] , where the field content is a scalar 
field and Majorana fermion. The Lagrangian density is 



1^ = ^[(^M*)' + ^^'^'9^^ - V^{^) - V'{^)^^] (3.31) 

The potential is arbitrary function of $ and 'prime' denotes derivative with respect 
to $. As was the case in worldsheet supersymmetry, we can work in terms of chiral 
components of fermions and the two super charges are 

Q+ = J dx[{do + di)m+ - V^($)^_] (3.32) 

Q-= J dx[{do - 9i)$^_ + r(<l>)^_] (3.33) 

In light-cone variables = P±, with P± = Pq±Pi and it turns out that Q-} = 
0, in most of the case. However, careful analysis shows that the anticommutator, is 
proportional to a surface integral 

{Q+,Q,} = 2j dx—Hi^) (3.34) 

and if'($) = V{^). This surface integral does not necessarily vanish when one 
considers solitonic states. If we denote the R.H.S. of (|3.34|) by the operator T, then it 
can be evaluated for the case at hand. Now the algebra of charges are different from 
usual case and one can write 

P+ + P_=T + {Q+-Q^Y (3.35) 



+ = -r + (g+ + g„)' (3.36) 

The R.H.S. of each equation above has a piece which is a complete square and we 
have P4. + P_ > |T|. If we consider single particle of mass M and go to its rest frame 
P± = M; we arrive at 

M > \T\ (3.37) 

The bound will be equality when we have states, \s) such that (Q_|_ + Q^)\s) = 
or ((5+ — Q-)\s) = 0. The bound on M is the Bogomolny bound. The state 
which saturates it is called a BPS state. This bound also can be derived in a Lorentz 
covariant manner. We note that, for the states saturating the BPS bound, only 
half of the supersymmetries are preserved. In string theory or field theories with 
large number of supersymmetries, the algebra of the charges for a set of charges 
{Qa}, « = 1, ...A^, can be brought to the form 

{Qa,Q(^} = S^p (3.38) 
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This will be possible if there are no states which are annihilated by some of these 
charges and in that case, we shall get super mult iplets as usual. However, just like the 
soliton case considered earlier, if there are states which will be annihilated by some 
charges then we shall have a situation where 

{Qa,Qb} = Sab, for a,b = l,..M (3.39) 

{Qa,Qp} = 0, a,P = M + l,...N (3.40) 

So we see that these states will be lower dimensional representations since M < N. 
Again, citing the example of two dimensional case, we can state the general result that 
when there are soliton like states getting annihilated by some of the supercharges, 
then the symmetric matrix {Qa^Q/s} will have some zero eigen values. The charges 
(analog of T) and masses get related in the process. This is true for monopoles in 
4-dimensional theories. The string effective action is defined in 10 dimensions and 
one can seek solutions for extended objects in space and there are BPS states in this 
regime too. 

Let us compactify the heterotic string effective action on to come to a four di- 
mensional theory. As mentioned earlier, the T-duality group is 0(6,22) with scalars 
parameterizing the moduli oi6)x'c){22) ' g^uge bosons, graviton Q^^ and antisym- 
metric tensor 5^,^. The four dimensional effective action for the heterotic string. 



following the prescriptions of can be obtained in a straight forward manner. The 
T-duality invariance is manifest when we are in the string frame metric with shifted 
dilaton (p — |ln detGap- However, when one considers the S-duality properties of the 
theory, it is convenient to go over to the Einstein frame metric, gf^i, through the con- 
formal transformation, g^^i, = e'^^Q^v In string theory, all the coupling constants are 
related to the VEV of the dilaton and therefore, in order to identify the parameters 
of S-duality group, we have to choose the field whose VEV will coincide with the 6 
parameter. Notice that the field strength of antisymmetric tensor, H^^p has only one 
degree of freedom in four dimensions when we fix all gauge freedoms. In fact, if we 
take dual of this field, it is a pseudoscalar particle and that is what we need, an axion. 
The starting point is the four dimensional effective action with Einstein frame 
spacetime metric 

= j^^ dx - ]^g^''d^,(Pd,(P + £2 + e-^C^ + e-^^C^ (3.41) 

with Co, £3, and £4 defined as follows 



£2 = \ii{d^M~^d^'M) . (3.42) 



£3 = -\r^AM-%:F^^^ (3.43) 
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C-A = -—H^,,H^^P (3.44) 

Here we closely follow the notation of and |B^|. The next step is to perform 
a duality transformation, which replaces the field B^j^u by a scalar field x- This is 
achieved by first forming the B^^ equation of motion 



and solving it by setting 



(3.45) 



(3.46) 



where x is the "axion" and 7 is a constant to be fixed later. In the language of 
differential forms, 

H = 76^"^ * dx 

or, using H = dB — ^r]ijA\T^ , 



(3.47) 



dB = ^r],,A\r + 7e''^ * dx 



(3.48) 



The Bianchi identity {d'^B = 0) now turns into the x fi^ld equation 

^V^Jn^' + ld{e"t' *dx) = 
or, in terms of components, (choosing a convenient value for 7) 



(3.49) 



This is an equation of motion if we replace the £4 term in S^^^ by 



where 



dxy 



-g{\e''i>g^^d,xduX + \xT ■ T 



1 



(3.50) 



(3.51) 



(3.52) 



Let us briefly recapitulate the steps we have taken to modify the four dimensional 
action in the Einstein frame. The field strength H^i,x appearing in £4 is traded for 
the pseudoscalar axion, x- The resulting action (3.51) contains not only the kinetic 
energy term of the axion, but also the topological term which is like the 6 dependant 
term of the Yang-Mills action if the VEV of x is identified with that parameter. 

Let us now regroup the terms in the dual action in the following way: 



^(4) 



M 



dx^/^{R + £2) + Sd + Sp 



(3.53) 
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where 

SD = -\j^ dx^g^^ {d^(t)d,<t) + e^'^d^xd.x) (3.54) 

Sf^~ J^^ dx^f^ {e"^T'^ + • ^) (3.55) 

and JF^ = g^^g''^J^I^^{M^^)ijJ^^^y Note that 5*^^^ contains the usual Einstein-Hilbert 
action and the part coming from kinetic energy term of the M-matrix. We have rear- 
ranged the actions coming from dilaton kinetic energy, gauge field part and the axionic 
part (together with the 'topological' term) to define Sd and 5'^;' so that dilaton and 
axion are put together and the gauge field kinetic energy along with the topological 
term are clubbed together. This is very useful to study the S-duality properties of the 
action. In order to describe the SL{2, R) symmetry of the dilaton and axion kinetic 
terms, let us introduce a complex modular parameter (recall the case of Yang-Mills) 

T = x + ^e"^ (3.56) 
which has the nice property that under a linear fractional transformation 

r ^ (3.57) 

the combination 

= 9'''id,<l>d^<l> + e'%xd.x) (3.58) 
is invariant. It immediately follows that 

1 r a^^'d rd f 

Sd--\ dx^g ■ (3-59) 

2 JM (Im tY 

Now we consider the gauge field action , Sp. Notice that the SL{2, R) transfor- 
mations give rise to an electric-magnetic duality rotation. Let us define 

T% = Mr)T^, ± iT^, . (3.60) 

Then, using the identity T^^^ M~^T~j^ = 0, we can express Sp as 

Sf = dxy^(rr+'^''M-'j^^^ - fT~'^^M-'T;)i . (3.61) 

The Aij, equation of motion is 

V'^(r^+ -f^;j=0 (3.62) 

and the Bianchi identity is 

(3.63) 
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To exhibit SL{2, R) symmetry it is necessary to have Afj, transform at the same 
e as T. The appropriate choice is to require that J-'^^ transform as modular forms 
"ollows 

^+ ^ (cr + , ^ (cr + rf)^- . (3.64) 



This imphes that 

^^ilu (a^ + > ^^flu (a^ + . (3.65) 

Thus the equation of motion ( |3.62| ) and the Bianchi identity (|3.63| ) transform into 
hnear combinations of one another and are preserved. In particular, the negative 
of the unit matrix sends JF^^, This result is acceptable if we identify the 

symmetry as SL{2,R). Note that SL{2,R) is not a symmetry of the action. The 
transformation in ( |3.64| ) is a nonlocal transformation of Afj,, and such transformations 
can do strange things to the action. For example, the total derivative JF-JF transforms 
into an expression that is not a total derivative. 

Thus far we have focused the attention to dilaton-axion system and the gauge field 
part of the action. The explicit checks show that the rest of the equations of mo- 
tion are invariant under S-duality transformation. While checking the invariance 
of the Einstein equation we must ensure that that the contribution of Sp to the 
energy-momentum tensor is SL{2, R) invariant. After a short calculation one finds 
that only terms of the structure e~'^jF+jF^ survive, and these are invariant since 
e"*^ \cT + d\~'^e~'^. The symmetry of the equations motion is SL{2,R). Notice 
that the axion couples to the topological density term, product of JF and its dual. 
We can argue qualitatively that the part of the SL{2, R) group which gives rise to 
the translation symmetry of the axion (VEV of % is the 6 angle) should break down 
to discrete group of translations due the instanton effects. A more careful analysis is 
necessary to show that SL{2, R) breaks to SL{2, Z). 



The low energy string effective action, in four dimensions, contains graviton, anti- 
symmetric tensor, dilaton and nonabelian gauge bosons. Furthermore, the Poincare 
dual of the three form field strength is a pseudoscalar and this field can be identified 
as the axion. One can combine dilaton and axion to form a doublet of the S-duality 
group SL{2,R). It was argued |6^ that S-duality is an exact symmetry of the 



string theory. Schwarz and Sen provided a general formulation of S-duality in 
string theory. Indeed the heterotic string compactified on has the effective action 
of = 4 supersymmetric theory. How one can test S-duality in this case. One of the 



important results in this direction was first derived by Sen when he showed that 
there are certain dyonic states in the theory whose existence can be demonstrated 
using S-duality transformations on heterotic string actions. These states precisely 
coincide with the ones we expect from Montonen-Olive conjecture. The theory has 
electrically charged states and magnetically charged states and each is 2 8- dimensional 
vector for the heterotic string. Due to nonrenormalization theorem of A^ = 4 super- 
symmetric theory, the electric charges are not renormalized. Moreover, the spectrum 
of the magnetic charges are fixed by the generalized Dirac quantization condition; the 
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magnetic charges are not renormalized either. Thus, spectrum of theses charges will 
be same as in the tree level theory. Indeed, the multimonopole moduli could be com- 
puted for the heterotic string |9^. In fact, the study of nonperturbative aspects of 



super symmetric Yang-Mills theories took new directions through the works of Seiberg 
and Witten |Q in sequel to Sen's work. 



It is interesting to look for extended objects which appear as solution to equations 
of motion of string effective action. Simplest extended object is a string which is one 
dimensional. Let us denote the worldsheet coordinates of this string as and 
and the spacetime coordinates as {x'^}. This should appear as solution to string ef- 
fective action. Suppose, we consider a frame where (^°,^^) lie along the spacetime 
coordinates {x^,x^) respectively. We look for a 'spherically symmetric' solution such 
that the solution is static and it depends only on the magnitude of the transverse 

distance, r = \J yl + ■■■ + yl where are denoted as ?/i's.The effective action has 

graviton, dilaton and antisymmetric tensor fields. In the Einstein frame the action 
has the form 

SE = ^,j d^'xV^lR - lid<l>y - ^e-^H'] (3.66) 



The macroscopic string solution which was identified with the heterotic string ||6^ is 
obtained for following background configurations 

ds^ = f-'i{-dt^ + (dx^f) + fUy'dy' (3.67) 

Boi = J (3.68) 
The rest of the components of are set to zero and 

/ = 1 + ^ (3.69) 

Here Q is the charge carried by the string and it is associated with antisymmetric 
tensor field. The field equations one needs to satisfy are: Einstein equation, dilaton 
field equation and axionic charge conservation which follow from field equation of H. 
If we look at field equation carefully there is a delta-function singularity at r = in 
the Laplace equation V^/. Therefore, it was proposed |^|to resolve this problem by 



introducing a source for the string which will be the a-model action 

5. = ^ 1 d^^id'^X'^daX-'G^, + e'^'daX^^d.X'^B^,] (3.70) 

Here of course the metric G^^ is the string frame metric. This is the string solution 
carrying 'electric' charge and this charge can be obtained from the conservation law. 
Indeed, q = k^T/loi where UJ^ refers to the volume of S'^ . In the supersymmetric 
case, there are BPS saturating solutions and here mass per unit length is equal to the 
charge. 

In four dimensions the dual of electromagnetic field tensor is also a two form, thus if 



32 



we have point particles, the dual objects are point-like ('t Hooft-Polyakov monopoles 
look point like at large distances). However, if we have a string in ten dimensions it 
couples to 3-form field strength the dual of that field strength is 7-form. Therefore, 
the solitonic object for the string is a 5-brane, extended in five spatial dimensions. 
In fact the p-brane solutions were found in sequel to the string solutions [^]. As in 



case of monopole solution, we do not have magnetic source term while looking for 
field equations (W-bosons carry electric charge), the solitonic five-branes solutions 
are derived without adding a source term. Moreover, if 62 is 'electric' charge of the 
string and qq is 'magnetic' charge of soliton, the Dirac quantization condition is 

e25'6 = 27rn (3-71) 

One has to be careful in deriving strong-weak duality relation here. The coupling 
constant is determined in terms of dilaton expectation value. The relations are 62 = 

e-^o/^ and ge = e-'^o/^. 

There are special type of extended objects, the Dp-brane (D-branes), which carry 
R-R charges The type II theories admit gauge fields from the RR sector. The 



corresponding effective contain these fields. If one look for p-brane solutions with 
these gauge fields: strings, membranes and so on, they have interesting properties. 
These are hypersurfaces or spacetime defects on which the open strings can end. In D- 
dimensions, if there is a Dp-brane, there are Neumann boundary conditions satisfied in 
(p+l)-directions, these are the directions of the worldvolume coordinates of Dp-brane 
and we have Dirichlet boundary conditions along the remaining transverse directions 
that is (D — p — 1) coordinates. Written explicitly, 

d^X^" = 0, for /i = 0,...p (3.72) 

= 0,7r) = <, for fx = p+l,...9 (3.73) 

A Dp-brane will couple to {p + 2)-form RR field strength; therefore, DO-brane is a 
particle, Dl-brane is a string and so on. The corresponding fermions satisfy boundary 
conditions in accordance with the bosonic fields in order to maintain the worldsheet 
supersymmetry. The BPS saturated solutions, then preserve half of the supersym- 
metry. From our earlier discussions, we note that type IIA admits DO-brane and 
D2-brane (their dual objects too) and IIB string has D-string, D3-brane and D- 
instantons, along with the duals. Thus, we conclude that IIA has even D-branes and 
odd D-branes belong to IIB theory. Of course, we are discussing the 10 dimensional 
case. The D-branes are dynamical objects and there are excitation of such extended 
objects since open string ends are attached to them. 

Consider a situation when two D-branes are separated from each other. Since open 
string ends can get attached to this surface, they will be connected by open string/strings. 
The farther apart the two branes, it will cost more energy to stretch the open string. 
More interesting is the configuration when D-branes lie on top of each other. Then 
we can visualize an open string starting from a brane and ending on it, open string 
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starting from one brane and ending on another coincident brane. In this situation 
we have massless states since there is no stretching of strings. Open strings contain 
massless vector state in their spectrum. One can incorporate nonabehan gauge sym- 
metry for such a theory by introducing the Chan-Paton factors. We can imagine a 
scenario where a quark belonging to representation i of U(n) is attached to one end 
of the string and an antiquark in representation j attached to the other end. Thus 
the gauge field will carry index i and j like usual Yang-Mills fields and these are 
called Chan-Paton factors. This characteristic of open string turned out to be useful 
when we consider coincident D-branes. Therefore, if there are N coincident branes, 
we get U{N) Yang-Mills action, in fact we get supersymmetric gauge theory on the 
worldvolume of the brane. 

Let us discuss some of the implications of dualities in the context of the branes we 
just introduced. The experience from monopole solution is that the charged particle 
couples to the field strength tensor and the soliton couples to the dual tensor in four 
dimensions. In ten dimensions, the solitonic counter part of string is five brane and 
we saw that couplings are not really reciprocals of each other. If we consider six 
spacetime dimensions, then we note that dual of 3-form field strength is also another 
3-form tensor and string couples to this tensor. Therefore, the conjecture is that in 
six dimensions there is string/string duality. If there is a fundamental string the soli- 
tonic counter part is a string too and their coupling constants satisfy the reciprocal 
relation. For simplicity, consider a six dimensional reduced action, with only metric. 



antisymmetric tensor field and the dilaton |j70| 



/e = ^ / d'xV^e-'^lRG + (90)2 - ^H'] (3.74) 

Where Gmn is six dimensional metric in string frame and Hj^jmp is the 3-form field 
strength associated with Bmn and it is understood that H is defined up to Chern- 
Simons terms. We can go over to Einstein metric by the relation Gmn = g'^^'^Qmn] 
being the dilaton in six dimensions. Let us consider the dual six dimensional action 

^6 = ^ / d'x4^e-'^[R^ + {d~^f - ^H'] (3.75) 

Here is the corresponding dilaton and H is the field strength of the -B, 2-form 
potential of the dual theory. The two actions ( p. 741 ) and ( |3.75| ) are related if we 
identify 

= -0 and H = e^"^ * H (3.76) 

The two metric being identified to be equal. Here * stands for Hodge dual. Note 
that just as in case of gauge field kinetic energy term in four dimensions is confor- 
mally invariant, the term is also conformally invariant in six dimensions and it 
is immaterial which metric we use while taking Hodge dual. As noted earlier, the 
fundamental string solution with action ( ^TTID can be obtained by adding a a-model 
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source term with coupling of the G and B backgrounds. The solution is given by 



2 2 

ds^ = (1 - ^)[-dt^ + (x'Y + (1 - ^y^dr^ + r^dnl] (3.77) 

e-^ = 1 - ^ (3.78) 

e-'f' * Hs = 2q\s (3.79) 
with ^ 

« = ^ (3.80) 

Of course we have the BPS saturated mass relation 

M = T<e'^> (3.81) 

Therefore, the mass density gets heavier as string coupling proceeds towards strong 
coupling domain. The source free action ( ^.74] ) also admits solitonic string which is 
nonsingular and the solution is 

ds^ = -de + {dx^ f + (1 - ^Y^dr^ + rH^l (3.82) 

e-^ = 1 - ^ (3.83) 
Hi = 2qh^ (3.84) 

Where (f = ^ The mass density is 

M = f <e^ > (3.85) 

In the weak coupling regime this string is heavier as one expects of a solitonic string. 
Notice that the solitonic string differs from the fundamental string by the replacement 
— > —(j),GMN Gmn,H H = e~'^ * H,a' — > a'. The Noether charge and the 
topological 'magnetic' charge are respectively given by 

Co = —;=- [ *H'}, and Oo = r- f H-t (3.86) 

The Dirac quantization rule for charges: 62(72 = 2™ gets translated to relation be- 
tween tensions. Moreover, the fundamental string and dual string saturate Bogo- 
molnyi bound for mass densities and break half of the supersymmetry as expected. 
These solutions have the interpretation of being limiting cases of more general so- 
lutions. They can be viewed as extreme mass equals charge limit of two-parameter 
black string solutions. 
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Again the question arises where can we test the string/string duahty ? It has been 
conjectured that |7l|, |72|, 173] heterotic string compactified on is S-dual to type IIA 



theory compactified on K3. When heterotic string is compactified on T^, the theory 
has charged states saturating Bogomolnyi bound. On the IIA side, elementary string 
states are neutral since the gauge fields arise from RR sector. Moreover, for type 
IIA, the analysis of the Bogomolnyi formula tells us the charged states (under gauge 
fields) have their masses as ~rr, implying that these are solitonic states. The duality 

9str 

between heterotic and type IIA is understood in the following sense[^, |73|: In type 



IIA theory, there are nonsingular soliton solutions and these carry quantum num- 
bers of fundamental heterotic string. The properties of those strings are consistent 
with those of the heterotic string. On the other hand the hetetotic string admits 
solitonic solutions carrying the quantum numbers of type IIA string. Moreover, we 
know that the moduli of heterotic string compactified on parameterize the coset 
o(4)x'o'(2o) • When type IIA is compactified on K3, the moduli also turns out to be 
exactly the same. Therefore, there is a very good evidence for this heterotic - type 
IIA duality conjecture. Another duality relation, that has been verified, is toroidal 
compactification of IIA and IIB theory via T-duality. Again the simplest one being 
compactification on S^. If one theory is compactified on circle of radius R, it is equiv- 
alent to the other theory compactified on circle of reciprocal radius |7^, although in 



ten dimensions these are two different theories. Some of the important consequences 
of S-duality can be examined in type IIB theory. It is conjectured that type IIB 
theory is self-dual and the effective action can be cast in a manifestly SL{2,Z) in- 
variant form. We shall study this aspect in the next section. The two heterotic 
strings i.e. 5*0(32) and Eq x Es when compactified on are T-dual to each other 
in the reciprocal radius sense that one theory compactified on a circle of radius R 
is equivalent to the other which is compactified on a circle of radius Finally, we 
comment that heterotic string with 5*0(32) gauge group is S-dual to type I theory 
with 50(32) group. The heterotic string effective action, with 5*0(32) gauge group 
has the following form 

Snet = J d^'xy^lR - 1(90)2 - le-iTr(F,,)2 - 1^'"^^'] (^'^^^ 

Here F^iy is the nonabelian field strength and H = dB. We work in the Einstein 
frame as it is the most convenient frame to study S-duality properties, since this 
metric remains invariant under S-duality. This action is obtained after rescaling the 
backgrounds and the slope parameters. The type I string has graviton and dilaton 
coming from the closed string NS sectors and closed string RR sector gives the anti- 
symmetric tensor. The gauge fields come from NS sector of the open string and they 
have to be in the adjoint representation of 5*0(32). Again with appropriate scalings 
the effective action can be brought to the following form 

Si = j d''^g[R - \{d-^f - \eiTT{F,^f - ^Jh'] (3.88) 
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Here all the fields of type I theory are defined with 'bar' to distinguish from those 
of heterotic string theory and the metric is in Einstein frame. Now, the comparison 
between the two actions shows that they will be identical if 

= -(f), Qf^u = 9tiu, H^yp = H^yp, Af, = A^ (3.89) 

Thus, if we compare the two actions, ( p.87| ) and ( p.88| ), we see that the two theories are 
related to each other by strong-weak duality in 10-dimensions, since g^^j. = e'^. There 
are host of duality relations among various string theories in diverse dimensions; we 
refer the interested reader to large number of review articles in this area. 



4 M-theory and Unified String Dynamics 

We have briefly introduced some of the essential features of string theory and their 
symmetry properties. There are five perturbatively consistent string theories and one 
of their most attractive attributes is that they describe quantum gravity which is per- 
turbatively finite and unitary. The dualities are powerful symmetry properties which 
provide important information about intimate connections between string theories. 
We have seen that one string theory, in a spacetime dimension, is related to another 
string theory either through T-duality or by the S-duality. When two theories are 
S-dual to each other, we can study strong coupling regime of one theory by going over 
to the weak, perturbative domain of its dual theory. Therefore, the nonperturbative 
aspects of some of the string theories could be investigated by these powerful tools. 
However, we still have five string theories. Therefore, the natural goal is to search 
for a theory which will provide a unified description of all the five string theories. 
The zero slope limits of the string theories yield all the known 10-dimensional su- 
pergravity theories. However, there is the D = 11 supergravity theory consisting of 
graviton and 3-form potential, endowed with total 128 bosonic degrees of freedom, 
and the 128 fermionic degrees of freedom. It was shown several years ago ||7^ that 



compactification of 11- dimensional theory on a circle gives rise to = 2 supergravity 
theory in 10-dimensions. It was not possible to establish any relation between the 
1 1-dimensional theory and any string string theory for a long time. The connection 
of = 2, 10-dimensional supergravity with string theory is rather transparent since 
the supergravity actions can be obtained in the zero slope limit of corresponding type 
II string theories. There was no string theory that could be related in some such 
limit to 1 1-dimensional supergravity. Therefore, if 1 1-dimensional supergravity were 
to have any connection with one of the string theories, then only the nonperturbative 
regime of a theory will show the inter-relation. Moreover, when one views from the 
1 1-dimensional perspective, the supergravity theory does not have any small parame- 
ter, like e*^, in string theory, which can be chosen to take small value as an expansion 
parameter. 

The connection between type IIA string theory and 1 1-dimensional supergravity were 
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recognised by Witten [73| and Townsend |78] following the developments in string du- 



alities. The massless bosonic sector of the type IIA theory, we might recall from our 
discussions of Section II, consists of dilaton, 0, graviton, G^u and gauge field, A^, 
antisymmetric tensor, C^p\ coming from the NS and Ramond sectors respectively. 
The effective action of type IIA theory 

Sua = ^Jd''^^l^~''(R+i9<pr-^H')-{\F'-^Fi')] 



F4 A F4 A A (4.1) 



We have suppressed the Lorentz indices of the field strengths and we shall define 
them now: R is the scalar curvature, H^i^p is the field strength of B^^ from the NS 
sector, Ffj^i, is the field strength of RR gauge potential and in form notations, 
4-form field strength, = dC^ + A/\ dB; C3 being the 3-form potential coming from 
the RR sector and B is the 2-form potential whose field strength is H. Last term 
in ( [4.1| ) is the Chern-Simons term, and F4 = dC^ is the antisymmetric 4-form field 
strength of potential C3 A few remarks are in order at this point: the metric used 
in action ([4.1| ) is the string frame metric. Note that the factor e'^ multiplies only R 
and piece; fields coming from the NS sector. The reason is that in the worldsheet 
supersymmetric formulation of NSR type II theories the R-R sector fields through 
local worldsheet interactions (in NS sector the worldsheet fields couple to potentials), 
couple via bilinears of spin fields (in fact to field strengths) . As a consequence, there 
are cuts and the usual arguments that tree level term starts with ^— does not go 
through. Thus we see this mismatch of e*^ between NS and RR fields in the effective 
action. Now, it is easy to see that this theory will admit DO-brane and D2-brane and 
their duals will be D6-brane and D4-brane from RR sector and a string and its dual 
five brane from the NS sector. 

Let us consider the bosonic part of the eleven dimensional supergravity action 

1 



^''^WJ "^''"^V - -F't] - ^ y A F4 A F4 (4.2) 

Here the field with tilde belong to bosonic components of 11-dimensional supergrav- 
ity. Let us compactify one of the spatial dimensions on S^, following the procedure 
outlined in the last section. There will be a gauge field and a scalar field, when the 
metric is expressed is decomposed in terms of the metric of the 10-dimensional theory. 
The 3-form potential will decompose into a 3-form potential but with additional piece 
according to the procedure of p8| , |49[| and a two form potential will appear as well. 
It is most convenient to express the 11-dimensional metric in the following form 

r — e~\4' ( ^M*^ + ^^^fj.^u e'^^/x \ (A q\ 

Gmn - e [ ) (4.3) 



e 



1/ 



The dimensional reduction of ( [4. 21 ) goes over exactly to the type IIA action ( |4.1| ). 
Note that if we had not adopted this form of the decomposition of the 11-dimensional 
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metric with the over all factor of e~3'^ and the factors of e'^ in various places inside the 
matrix; but had compactified on a circle of radius, say, TZ; we would have obtained 
a reduced action with 10-dimensional metric, the moduli TZ and the antisymmetric 
tensor potentials (2-form and 3-form) with appropriately modified C-S terms. The 
resulting action in ten dimensions would need some field redefinitions to match with 
the type IIA action. Let us see how the radius of compactification Ru is related to 
type IIA string coupling constant g'i^\ Note from (4.3) that R\i = (e'-s)'^)^ and by 
definition e*^ = {g'^^^Y- Therefore, we conclude that 

^11 = {gif))^ (4.4) 

Therefore, in the perturbative regime of the type IIA theory, the radius of compacti- 
fication of the 11- dimensional theory is very small. When we want to go over to the 
decompactification regime i.e. large radius limit of 11-dimensional theory, we can't 
realise that domain since it is the strong coupling phase of the type IIA theory and 
perturbation theory does not provide any clue for the existence of the 11th dimen- 
sion in the ten dimensional theory. The correspondence established between type 
IIA theory and 11-dimensional theory is at the level of the effective action. The 11- 
dimensional supergravity has a 3-form potential in the bosonic sector and the natural 
extended object is a membrane. The 10-dimensional theory admits a string as a fun- 
damental object and supergravity action is zero slope limit of the string theory. How 
can one establish the relation between membrane and the string ? The idea of dou- 
ble dimensional reduction provides an important clue. One can envisage a situation 
where we start from a membrane in eleven dimensions and compactify 11th dimension 



on a circle. Then, according to the prescription of double dimensional reduction 
the membrane wraps around the compact direction so that the end result is the ten 
dimensional string. 

We have described in the previous section how one can establish connections among 
the five string theories various dimensions through duality transformations in different 
spacetime dimensions; although there are five distinct ten dimensional theories when 
viewed in the perturbative frame work. The 11-dimensional theory is also recognised 
to play an important role in string dynamics. It is believed that there is an underlying 
fundamental theory, yet to be discovered, so that the manifestations of the theory in 
its various phases are realized through the string theories. It is postulated that in 
the low energy limit, we should derive the 11-dimensional supergravity action as an 
effective theory. The unknown fundamental theory is named U-theory. Since the 11- 
dimensional theory naturally admits membrane as a fundamental extended solution, 
it has been argued that the underlying fundamental theory is a theory of membranes. 
The M-theory is taken to be the underlying theory. We shall illustrate, with a few 
examples, that starting with an eleven dimensional theory with membrane, how one 
can obtain a host of relations about the structure of branes in various string theories. 
Since the BPS states do not get any quantum corrections, it is interesting to look for 
BPS states and then propose tests for the theory. When we compactify M-theory on 
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a circle, the momenta in that direction will be quantized and we shall get towers of 
KK massive states. These states will fall into representations of the 11-dimensional 
supergravity. In fact they are BPS states. In the KK reduction, the charge of a state 
(in the lower dimensions) is related to the momentum along the compact direction 
(thus automatically quantized) and in some suitable units the charge is proportional 
to m being an integer. This is the charge associated with the gauge field as 
a result of compactification ( |4.3| ). From the type IIA point of view this charge 
is that of gauge field coming from RR sector and the whole tower should exist as 
BPS state. We know already that elementary string states are RR-charge neutral 
and those massive towers belong to RR sector. We can identify the state with unit 
charge, m = 1 as a DO-brane of type IIA theory. The open string ends can get at- 
tached to DO-brane and act as the collective coordinates to give excitations. One can 
show that IIA theory has those BPS states belonging to the ultra-short multiplets 
and these also correspond to the states counting done from M-theory side. Therefore, 
we notice that duality between type IIA theory and M-theory is established for such 
states. In case of m > 1, the test is not so simple. One of the properties of BPS 
states is that the binding energy for composite BPS states is zero. That means, if 
we have a single DO-brane, a BPS state with m units of charge, we can't distinguish 
it from collection of m BPS particles each carrying unit charge. Thus a test for the 
general case is rather difficult. 

The relation between M-theory and type II theories can be established by exploiting 
the duality relations. Note that type IIA and type IIB theories are T-dual to each 
other when one of the directions is compactified. Since M-theory with one compact 
direction, 5*^, is related to type IIA, therefore, M-theory with two compact dimen- 
sions, compactified on T^, is expected to be intimately connected ||80| to type IIB 
with one direction compactified to S^. We shall see that one needs to exploit the 
SL{2,Z) S-duality symmetry of type IIB theory in this context ||ST]]. The type IIB 
theory has graviton, 2-form antisymmetric potential, Bj^J and dilaton, in the NS 
sector and 2-form potential, Bj^J, axion, x and 4-form potential, D^^^px in the RR 
sector; the field strength of D-field is self dual. For our purpose, it suffices to drop 
the D-field from considerations presently. The action is 

Sstr = ^,Jd'\^rG[e-%R+{d<pr-^H^''>')-lidxf 

-^X'H^'^' - IxH^'^ ■ H^'^ - (4.5) 

This action is written in the string frame metric. It is useful to go over to the 
Einstein frame by the conformal transformation. Furthermore, to write the Einstein 
frame action in a manifestly SL{2, Z) invariant form, let us define 
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Then the action, 



Se = ^J d'\[Rg + ^Trid.Md^M) - ^H^-MH] (4.7) 



This action is invariant under the transformations 



M^AMA', U^iA'y^U and g^,^g^, (4.8) 

If one looks for a string solution in this theory then the solutions will be of three 
kinds: strings carrying NS charge, strings with RR charge and ones with both NS 
and RR charge. The procedure adopted in is as follows: first look for a string 



solution with NS charge such that asymptotic values of axion, Xo = and that of 
dilaton 0o = 0. In the language of complex moduli introduced earlier, asymptotic 
value of To = i. Moreover, one starts with H^"^^ = 0, since one is looking for a string 
carrying NS charge only. Next introduce a specific SL{2, Z) transformation such that 
the resulting string carries both types of charges; the relevant matrix is 

qi -q2 



A = (4.9) 



The matrix is A = I . ^ ). As a consequence of the SL{2,Z) transfor- 



Although the string carries both types, NS and RR charges, still the modulus 
preserves the asymptotic value, tq = i. Finally, introduce a general SL{2,Z) trans- 
formation so that To will take arbitrary value as a result of the duality transformation. 

-9^0/2 -^Qe^ofi ■ 

e-^o/^ 

mation, not only we have strings which carry charges (gi, ^2), but also the tensions of 
the strings depend on these charges; after all these are BPS strings. The formula for 
the tension of string with (gi, g2) charges is 

= [e'^'{q2Xo - qif + e'^^s^^ (4-10) 

where T is the tension of the NS string one started with for which 0o = Xo = i.e. 
To = i. Since we consider SL{2, Z) transformations, gi and g2 should be integers. For 
stable strings, (gi,g2) should be relatively prime; otherwise these string will decay 
into multiple strings. If we compactify this theory on 5*^, more interesting results 
follow. The spectrum of the nine dimensional theory is governed by the mass formula 

771 

M| = i-f + i2nRT,ny + AniN^ + Nn) (4.11) 
K 

Here we have explicitly kept the tension term showing that when the string winds 'n' 
times it stretches by its perimeter and energy is obtained by multiplying the tension 
Tq. The last term is sum of contributions from left and right oscillators. The level 
matching condition tells us Nji — Nl = mn. The BPS saturating multiplets have 
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either Nl = or Nr = 0; ultrashort corresponds to both being zero. If we choose 
Nl = 0, then mass formula is (also level matching relation is used) 

Ml = {2'KnRT, + -f (4.12) 
ri 

We have a rich spectrum and these masses should remain protected from any quan- 
tum corrections. 

We can describe the same phenomena by compactifying the M-theory on T^. There 
is membrane in M-theory with tension Tn and if it wraps m times on a torus of area 
All, then the contribution to mass will be of the form mAnTn. But the area is 
All = (27ri?ii)^p2, P2 being the modular parameter of the torus and p = pi + ip2 the 
area is computed using 11-dimensional metric. Since we are considering compactifi- 
cation of the M-theory on T^, the wave function of the two dimensional Laplacian 
(corresponding to two coordinates on the torus) must satisfy periodicity property 
appropriate to the torus and the mass formula should be suitably generalised with 
respect to mass formula for a string compactified on a circle. 



Mil = [m{2TiRiifp2Tiif + + - hpif] (4.13) 

-Kll P2 



hyh are integers which enter the mass formula as the contribution to the KK part 
since the two dimensional Laplacian —d"^ — dy acting on the wave function 

i 1 

^h,i2{x,y) = exp{—[xl2 + —y{h - kpi)]} (4.14) 

-Kll P2 

It is easy to see the periodicity property of the wave function by defining z = {x + 
iy) /27tRii, since the invariance now translates to z ^ z + 1 and z ^ z + pin order to 
compare the above mass formula, obtained from M-theory with compactification, 



with the corresponding one (|4.12|) from type IIB in 9-dimensions, we should recognize 



that ( |4.14| ) is derived using 11-dimensional metric. Therefore they could differ from 



each other by a multiplicative constant: Mu = CMb- Now the exact matching of the 
mass formula implies that the the modular parameters of T^, denoted as p, should be 
identical to the parameters of SL{2, Z), r. Thus the modular group appearing in 
compactification of M-theory , SL{2,Z) is identical to the duality group, SL{2,Z), 
of type IIB theory. The following relations should be satisfied for matching of ( [4.12|) 
and (|4l^ ) 

fl- = TT,A, aud = MiI^L!!^!^ (4.15) 

Since type IIA theory, in 9-dimensions, is related to IIB theory by T-duality, we 
can also get some insight into DO-branes in IIA theory. The mass spectrum of these 
(point) particles can viewed from two perspectives. One way is to identify the winding 
modes of the family of type IIB strings on the circle with the KK modes of the torus; 
and the other way of looking is to identify KK modes of the circle with wrapping of 
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the membrane on the torus. Again the mass formula matching relations can be used 
to relate parameters on both sides. 

There is also a five brane, the soliton counter part of fundamental membrane, in the 
M-theory and these are the only two extended objects in the 11-dimensional theory. 
Therefore, one expects that M-theory should be able to give description of NS branes 
and Dp-branes in the lower dimensional string theories. Moreover, the membrane 
tension of 11-dimensional theory, T2*^\ is the only parameter since the 5-brane ten- 
sion, Tg^^'' is determined from the Dirac quantization relation in terms of Tg^"*. In 
order to study the branes in 9-dimensional theory, we should see how different branes 
arise from M-theory and from type IIB theory. The simplest is the 2-brane. In case 
of M-theory, the membrane remains a membrane; but type IIB in 10-dimensions has 
no membrane (due to the absence of even RR field strength), therefore, the D3-brane 
of ten dimensional IIB theory wraps around to produce a membrane. But the 
type IIB string tension also is related to Tg^^'' since membrane wraps around torus 
to produce the string. So the simplest result is D3-brane tension and string ten- 
sion of type IIB are related: T^^^ = ^{T2^^)'^; this result involves only IIB theory 
tensions derived through M-theory route. The 9-dimensional IIB theory will have D3- 
branes too. They will arise, from M-theory view point, as wrapping of the 5-brane 
around T^. There are 4-branes in 9-dimensional IIB theory. Since 10- dimensional 
IIB theory has SL{2, Z) pair of strings, their solitonic partners 5-branes will come in 
same multiplets too. These 5-branes, compactified on S^, will give the 4-branes in 
9-dimensions. Similarly, one can discuss type IIA theory from both the perspectives 
in ten dimensions. If we define L = 2'kRii as the perimeter of the compact circle, then 
tension of IIA string gets related to Tg^^'' since IIA string, in 10-dimensions, will arise 

due to wrapping of membrane around the circle. The relation is t/"^^ = g^^^ LT2^\ 
For type IIA membrane we have T2^^ = (7^^T2^\ The 4-brane in IIA theory will 
come from wrapping of M-theory 5-brane around the circle and the relation becomes 

t]"^^ = (yf^^LTg*^-* and we must also have T^^^ = g^T^'^^\ Then using relation be- 
tween T2^'^ and Tg^^ together with the relation between T^"^^ and T^^^\ one can get 

(A) _ 1 (rj.(A).2 



an expression: T5 = ^{T. 
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The purpose of above examples was to illustrate how one can derive a large number 
relations using the M-theory. In lower spacetime dimensions, the theory provides 
a rich basis to understand branes coming from various theories. We would like to 
record one important fact for our future considerations. Note that the formula ( [4.10| ) 

of general (gi, ^2) string is for a string carrying NS and RR charges. For a string with 

1 

only NS charge the (1,0) the tension scales as T ~ and for the one carrying only 

_ 1 

unit RR charge it is T ~ (7^^. In the string frame, after rescaling the metric, we find 
that a string with one unit of NS charge has tension of order 1 and the string with 
one unit of RR charge has tension g^^. Therefore, the mass density also has same 
dependence on coupling constant. 

There are duality relations which relate compactified M-theory to other string theo- 
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ries. One of the interesting cases is Eg x Eg heterotic string in ten dimensions 



There is no other string theory which can be related to this one. So it is expected that 
Eg X Es is connected to the 11- dimensional theory. But it cannot be S*^ compactified 
M-theory, because that compactified theory is type IIA as we have seen. Moreover, 
11-dimensional theory as such is free from anomalies. However, if one considers com- 
pactification on ^ of M-theory it gets related to Eg x Eg ten dimensional theory. 
The orientation of is reversed under Z2 and it fiips the sign of 3-form potential 
C. As a consequence of this projection, we are left with the metric in ten dimension, 
the dilaton and 2-form potential. The gauge boson and 3-form potential C are pro- 
jected out. The surviving fermions are Majorana-Weyl gravitino and Majorana-Weyl 
fermion. This is the supergravity in the bulk. Actually, is a line segment with fixed 
points at the boundary. These are two copies of 10- dimensional fiat space. The states 
from twisted sector should be localized on these planes. It was shown that half of the 
anomalous variation is localized in one plane and the other half on the other plane. 
The possible gauge groups that can cancel the anomaly are Eg x or f/(l)^^^. It is 
obvious the string theory to be identified is the Eg x Eg heterotic string. There are 
other duality conjectures |8^, ^ between M-theory and other string theories in 
lower dimensions: M-theory on ^ heterotic /Type I on T^. Compactification of 
M-theory on ^ is dual to type IIB on K^. The lower dimensional compactifications 

^ and ^ are related to Type 1/ heterotic on and type IIB on ^ respectively. 
There are attempts to construct gauge supersymmetric gauge theories by choosing 
suitable combinations of intersecting branes and establish Seiberg-Witten dualities 
from this M-theory point of view of SUSY Yang-Mills gauge theories. Undoubtedly, 
the dualities together with the proposal for M-theory has brought us nearer to the 
goal of unified description of string theories. However, the underlying fundamental 
theory is yet to be discovered although we have seen many facets of that theory. 



5 Black holes and String Theory 

The physics of the black holes has many fascinating aspects. The classical black hole 
is the final stage of a collapsing heavy star. As the name suggests, matter falls into 
it and nothing comes out; there is an event horizon. However, deeper investigations 
have revealed, almost a quarter of a century ago, that there are strong similarities 



between thermodynamics and black hole mechanics |^8| |8^. If M is mass of the black 
hole, 

dM = -^kdA, 6A>0 (5.1) 

Here G is the Newton's constant, A is the area of the event horizon and k is the 
surface gravity. This is to be compared with thermodynamical relation, 

dE = TdS, 6S>0 (5.2) 
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Hawking's startling discovery that black holes radiate with a black body spec- 
trum of temperature T = when quantum effects are accounted for, raised several 
important issues in black hole physics. One can also associate entropy with a black 
hole 

Sbh = ^ (5.3) 

The thermodynamical relations used to describe macroscopic phenomena can be 
derived from statistical mechanics starting with microscopic fundamental laws of 
physics. Since h appears in the black hole entropy formula, it is expected that the 
microscopic derivation of black hole entropy requires quantum gravity calculations. 
Moreover, entropy of a system, when interpreted from statistical mechanical point of 
view, counts the total number of degrees of freed in the system. How do we count 
the number of degrees of freedom in a black hole and obtain the expression for en- 
tropy? There are more fundamental issues related to quantum mechanics when we 
carefully examine the implications of Hawking radiation. We can think of allowing 
some matter to go into the black hole, prepare the initial state as a pure quantum 
state to be the incident wave. However, the emitted Hawking radiation has a black 
body distribution and thus these are mixed states. Therefore, the S-matrix that will 
describe the above process will loose its unitarity property. 

In the perturbative regime, string theory can provide reliable results for computations 
of processes involving graviton. The resulting S-matrix elements respect the required 
unitarity and analyticity properties. Thus, it is pertinent to ask what string theory 
has to offer in resolving the issues alluded to earlier. Recently, one of the important 
achievements of the string theory has been the microscopic derivation of the black hole 
entropy, for a special class of black holes that arise in string theory. We shall, initially, 
not set G = 1, to bring out a few salient points in discussions of stringy black holes 
and some times we shall display presence of h in formulas. Recall, that the Newton's 
constant is related to string coupling and tension as G ~ gl^^/T, in four spacetime 
dimensions. If we have a massive string state, the gravitational field is GMg, where 
Ms is mass of a string state measured in units of T; also some times we shall denote 
it as M. Thus, the field increases as string couphng increases. String states are given 
my the mass formula = NT and it is well known that at a given mass there 
are a lot of states and the degeneracy grows exponentially with mass, i.e. e^. 
Thus one might think that the excited states, if treated as black holes, will reproduce 
the entropy formula; however, this simple argument in not adequate since black hole 
entropy grows like M^, whereas the naive argument will give Sbh ~ M. There have 
been attempts to explain this discrepancy saying that the mass that would appear in 
microscopic derivation of Sbh is not the same as the one appearing in Bekenstein- 
Hawking formula and there might be renormalization effects to be accounted for ||91|| . 
The perturbative string states appear in infinite levels and thus, for high enough mass, 
the massive elementary string state will lie inside the Schwarzschild radius associated 
with it. Consequently, they will require black hole descriptions. One of the ways 
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to derive black hole entropy microscopically is to consider such BPS states, so that 
when string coupling gets strong, the state is unchanged. In this approach [|^, first 
step is to pick up appropriate BPS state and compute the microscopic entropy. Next, 
compute the Bekenstein-Hawking entropy of the BPS state, it is also an extremal 
black hole, and verify whether the two ways of calculating entropy are in agreement. 
This is the first clue that string theory might explain black hole entropy in micro- 
scopic way. However, the black holes constructed from the elementary string states 
had some short comings while computing the entropy. The area of the event horizon, 
for such black holes, tends to zero as one approaches the extremal limit; moreover, 
the dilaton also diverges at the horizon in this limit. This problem was encountered 
for string states in the NS sector. 

The D-brane in RR sector can come as elementary states and there are corresponding 
solitonic states contained in the full spectrum. We had argued in the context of type 
JIB SL{2, Z) strings that in string frame metric, NS states have tensions of order 1, 
whereas, D-strings had mass density of the order of For the solitons of NS sector 
the mass goes as but the solitons for RR sector still have mass order — . In the 
weak coupling regime NS solitons and RR ones are heavy. We should account for the 
gravitational fields they produce, which is GM. In view of above discussions, (i) NS 
elementary states produce very low field and (ii) RR states also produce low field in 
weak coupling limit; field tends to as gstr 0. We may argue that in this regime, 
flat spacetime is a good description of the geometry. Since we are dealing with BPS 
states, as string coupling increases the mass remains unchanged, but the gravitational 
field keeps increasing and after some critical coupling, the spacetime is not fiat any 
more; we must employ general theory of relativity. If these states describe black holes, 
then we should be able to compute the degrees of freedoms associated with them. It 
is possible to construct black hole configuration such that the area of the horizon in 
not zero nor the dilaton diverges at the horizon, when we take the extremal limit. 
For five dimensional black holes, we need at least three charges to have nonzero area 
for the horizon together with constant value for the dilaton at the horizon. In case of 
the four dimensional black hole needs four charges in order to satisfy the requirement 
of nonzero horizon area and finite value of dilaton (at the horizon). 
The black holes which we shall consider now have some special characteristics. They 
can be thought of as composites of many D-branes carrying Ramond charges. We 
have mentioned before that the BPS states have the property that mass of composite 
BPS state is the sum of the masses of the constituents. One starts in the weak string 
coupling phase with such D-branes and proceeds towards strong coupling domain 
when gravity becomes strong. In weak coupling regime, the degeneracy of the level 
can be estimated reliably and microscopic entropy can be computed. In the strong 
coupling domain, the D-brane is inside the horizon and one can treat this like a black 
hole and compute the ratio which is independent of string coupling gstr since both 
area and Newton's constant grow like gstr- 

Let us discuss how the five dimensional black hole configuration is constructed with 
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D-branes ||9J]. We start with type IIB theory in 10-dimensions. We know that it 
will admit Dl-string and D5-brane. We want to make the composite object heavy; 
therefore, we put Q5 number of D5-branes and Qi number of Dl-strings together. Let 
us compactify this theory on such that the Q5 number of D5-branes are wrapped 
around T^, the Qi Dl-strings wrap along one of the directions of the torus. Then 
put some momentum along the direction in which the D-string wrapped; this mo- 
mentum will be quantized in units of inverse radius of S^. The aim is to evaluate 
the microscopic entropy by counting number of degrees of freedom for this system 
and it involves some detail technical steps |^; but we shall outline only 



essential points. We expect to have a U{Q^) supersymmetric Yang-Mills theory on 
the D5-brane worldvolume. This will be a gauge theory in 5 + 1 dimensions which is 
derived by dimensional reduction of = 1 supersymmetric Yang-Mills theory from 



ten dimensions |95]. The D-string is inside this pack of D5-branes (Qs of them). 
The D-string can be viewed as an instanton in this six dimensional spacetime, since 
an instanton in 6-dimensional theory with no time dependence and extension in one 
direction is a string. There are Qi such strings in the D5-brane configuration. Their 
low energy dynamics is described by two dimensional supersymmetric sigma model 
in ^QiQ^ dimensional hyper Kahler manifold. Every boson contributes factor 1 and 
every fermion contributes | to the central charge as we noted in Sec. 11. Thus, total 
central charge is 

c = egiQs (5.4) 

Since we are dealing with BPS states, for these states Lq = and the momentum 
given along is related to the difference Lq — Lq. If we take momentum to be 
large i.e. = — ^, n large; then using Cardy's result (relating degeneracy to central 
charge), one gets 



d{Qi, Q5,n) = exp(27r QiQ^n) (5.5) 
The black hole entropy computed from the microscopic view point is given by 



^microscopic StT y QlQs'H. (5-6) 

In order to derive the black hole entropy, Sbh, from Bekenstein-Hawking formula, 
we have to specify the metric, the charges and then compute the area of the event 
horizon in the extremal limit. 

There is way to visualize the physical processes that lead to microscopic derivation 



of the entropy formula. The D-string is inside D5-brane and the low level excitations 
are the lowest lying modes of the open strings attached to this one. If we think of the 
physical degrees of freedom, these are 8 transverse vectors and their super partners. 
Since these have to satisfy the Dirichlet boundary condition, they are constrained 
to move along the D-string. We are dealing with BPS state, therefore, these move 
only in one direction (say left). Since the D-string is wrapped around one circle 
of T^, we choose Xi, then length is winding number times the radius of the circle. 
But the momenta of individual open strings moving on this unidirectional path on 
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the circle is quantized. Moreover, sum of their momentum is constrained too by 
the total momentum we have put on that direction. Therefore, this is analogous 
to solving statistical mechanics of a one dimensional system on a circle where total 
energy (momenta are same as energy) is fixed. 

The next step is to define the metric for the above configuration of the branes and the 
obtain the harmonic functions that are necessary to satisfy the equations of motion 



for the brane configurations | |100| , |101 

els'" = Hl'^Hl^^iy[H^^H^\-K-^dt' + K{dxi - {R-^ - l)dt)'') 

+H^^{dxl^ ^dxl) + dxl^ hc/xgj (5.7) 

We specify the compact directions as follows: the number of D5-branes are 

wrapped in xi, X5 directions, D-string is wrapped in xi and the momentum is 

along Xi too. Since we toroidally compactify to five dimensions x^, 1 — 1, ...5 are 
periodic and the radius of compactification is Ri along ith direction, and 



e 



-24> 



Hijk = ^eijkidiH^, i,j,k,l = 6, ,9 (5.9) 

r^ = xl + --- + xl (5.10) 
The harmonic functions are equal to 

i^i = l + Ci%, C, = ^-^ (5.11) 

^5 = 1 + C^5^, C, = g,tra' (5.12) 

,2 



K = 1 + Ck^, Ck = ^^ (5.13) 



r2 ' RjV 

where V = -R2-R3-R4-R5, we displayed the a' dependence to show how the dimension- 
ality of the charges appear, but now on we set the slope to unity as usual. Let us 
briefly note how the charges arise in this black hole. There is electric charge Qi 
coming from Bqi which is a gauge field now, after compactification of xi coordinate. 
The Q5 charge is magnetic type originally attributed to D5-brane in 10-dimensions. 
After compactification the Poincare dual of that 3-form RR field strength is two form 
field strength and it becomes an electric charge counting D-brane charges. Of course, 
the third charge comes from momentum given along Xi direction and is quantized. 
When any one of these charges vanishes, the area of the event horizon vanishes too. 
The dimensional reduction [091 over the periodic coordinates Xi,....,x^, yields the 
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5-dimensional effective action. The metric in the five dimensional space takes the 
following form 

ds^ = X-'^/'dt'' + \^'\dr^ + r'^nl) (5.14) 

where 

A = H,H,K = (1 + C,^){1 + C,^){1 + cj^) (5.15) 

This corresponds to an extremal charged black hole and the horizon is located at 
r = 0. However, the area of the horizon is nonzero and it is proportional to the 
product of the charges. The expression for the area is 

As = {T^\^l^fl\^^ = ^fc^Q^C^Q^C^{2^) = ^ (5.16) 

The Newton's constant in five dimensions gets related to the ten dimensional Newton's 
constant after we compactify on and the relation is 

r^(io) 1 2 

Therefore, the entropy is equal to 

Sbh^^^ 2t:Jq^ (5.18) 

This expression exactly agrees with the expression for Smicroscopic- A few comments 
are in order to discuss the constraints on the parameters for the above relation to be 
valid. The string effective action adopted to obtain the brane solutions is valid when 
string loop corrections and a' corrections are nonleading. The string loop correc- 
tions are small when Qstr with the values of the charges held fixed. The charges 
correspond to characteristic scales of the system. If we want ignore a' correction 
terms then the charges should be larger than string scale i.e. Qi, and n are much 
larger than a'. If the compactification radii of the torii be taken as order of string 
length scale, then we should have QstrQi, QstrQb, dttr"^ » 1- This tells us that 
n » Qi ~ Qs >> 1. 

The entropy of nonextremal black holes can be considered in a similar manner; how- 
ever, we must keep several points in mind. First of all, the extremal black holes are 
BPS stated and they get no quantum corrections. Therefore, whereas the microscopic 
entropy is computed in the weak coupling phase, the Bekenstein-Hawking entropy is 
obtained after we go over to the strong coupling domain so that the composite D- 
brane configuration lies inside the horizon. In case of nonextremal black holes, we 
have no theorem against quantum corrections and therefore, passage to strong cou- 
pling limit is not so simple. It is argued, that a black hole which is slightly away 
from extremality might allow smooth increase of the coupling constant as one starts 
from weak coupling limit. This type of black holes configuration can be achieved by 
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allowing some low level right moving oscillators compared to the high left moving 
levels (note that for extremal case Nji = 0). We shall not discuss the properties of 
these black hole in detail here. 

The BPS extremal black holes are stable and they have zero temperature; there- 
fore, they will not emit Hawking radiation. If we intend to understand the Hawking 
radiations from black holes in string theory, we have to look for those ones which 
are excited states and can decay into lower energy state. The starting point is to 
consider a nonextremal black hole. Since there will be left and right movers, the 
open string states will be going in opposite directions on the D-string. Again, it is 
a one dimensional problem where one can imagine that two oppositely moving open 
string states collide to give a closed string state. If we were to calculate the S-matrix 
element for such a process, we shall consider initial state, final state and a suitable 
interaction Hamiltonian for our computational purpose. In order to get the emis- 
sion rate, one will take modulus square of this amplitude, average over initial states, 
sum over final states and divide by usual phase space factor. The state of the initial 
nonextremal black hole is given by occupation numbers Nl and and the amount 
of momentum we give on the compact circle which are going in opposite directions. 
The momenta are quantized as ^ in either direction and thus the closed string state 
will carry momentum As we have seen there are 4Q1Q5 bosonic and fermionic 
oscillators. The string theory calculation gives the amplitude for emission of a closed 
string state from these initial state ||100|| . The sum over final state and averaging over 
initial states leads to a factor PlPr, where for example 

P« = ]^E(^l^ijK) (5-19) 

where Ni is the total number of initial states and Nfj, is the number operator of right 
movers. We might carry out the averaging over all possible initial states with a given 
value of by adopting the statistical mechanical prescription. The problem actually 
maps to the case of one dimensional gas and the microcanonical ensemble can be used 
since we are holding Nji fixed; energy is held constant. The configuration of the black 
hole is such that A'^^: >> > 1. If /cq is the momentum of out going massless 

closed string the final calculation give the decay rate as 

dT ~ (Area) ^ "^^ d^k (5.20) 



A more careful calculation |p.02|| reveals a surprising result that not only the form of 



thermal distribution is recovered, but also the numerical coefficients match with semi- 
classical results of Hawking. The result has been derived for four dimensional black 



holes as well [ [L03|| . It is an interesting question to ask whether one can calculate the 
absorption cross section of an extremal black hole for a closed string massless scalar 
and then relate that cross section to the decay rate of a nonextremal black hole by 
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using the principle of detailed balance in quantum mechanics taking into account all 
the subtelities. Indeed explicit verification shows that such a check yields the correct 
result lITOl . 



6 M-theory and the M(atrix) model 

Our present understanding of string dynamics together with duality symmetries 
strengthen the belief that there is a fundamental theory and the five perturbatively 
consistent theories are different phases of that underlying theory. However, we do 
not know what this theory is except the conjecture that the low energy limit of this 
theory is the 11-dimensional supergravity action. There are deep questions about 
the structure of this theory. We shall call it the M-theory. We recall that strong 
coupling limit of the type IIA theory is identified with 11-dimensional supergravity. 
When viewed from type IIA perspective, the existence of DO-branes as nonpertur- 
bative RR point like objects is quite important for our discussion. They are BPS 
states and their mass is of the order ^— and scaled by 10- dimensional length scale 

Qstr 

Is- These being BPS states, one could assume that there are threshold bound states 
of many, say N, DO-branes which satisfy the properties of bound BPS states. Now 
if we take the strong coupling limit, then it is found that the low energy spectrum 
is same as the spectrum of the 11-dimensional supergravity. This is an important 
evidence. Furthermore, the 11-dimensional theory is known to admit membrane and 
five brane and we have argued how one can study properties of various brane con- 
figurations in string theories after compactifying the M-theory. The M(atrix) model 



105| , p^ , |33| can describe perturbation expansions of various string theories. There 
is a limit in which the theory provides connection with 11-dimensional supergravity 
theory. However, one would like to seek answers to several questions from this the- 
ory. For example, the general prescription for the compactification of the theory is 
not known. Similarly, the complete set of degrees of freedom of this theory is to be 
obtained. The M(atrix) theory, nevertheless, provides insight into nonperturbative 
definition of string theory and it also exhibits string dualities | |106| |. One can also go 
over to various string theories by adopting different limiting prescriptions. 
The model resorts to infinite momentum frame (IMF) technique boosted along a 
compact direction. The momenta along compact direction is quantized; and one 
starts with N units of these momenta and then iV — oo limit is taken. Since one 
is working in the light-cone frame while constructing M(atrix) theory, the theory is 
not manifestly Lorentz invariance. Thus Lorentz invariance might be recovered in the 
large N limit. In the M(atrix) model formulations one encounters parameters which 
have the interpretation of being expectation values of scalars when viewed from the 
string theory side. But in the M(atrix) model when we have IMF formulation, these 
constant modes have infinite frequency and they are frozen into fixed configuration. 
The theory in its present formulation is not background independent. Moreover, one 
encounters problems while compactifying the theory on an arbitrary d-dimensional 
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torus. We may remind the reader that the M(atrix) theory provides a rich structure 
to study various aspects of string theory from M-theory stand point. 
The infinite momentum frame (IMF) technique played a very useful role in current 
algebra ||107|| . In field theoretic calculations it simplifies perturbation theory cal- 



culations ||108| , |109|| . When we have to deal with a collection of particles, we can 
define IMF to be a frame where the total momentum is taken to be very large. If we 
designate particles by index I, J... then 

Pi = t,jP + Pti (6.1) 

where T stands for 'transverse' and P ■ Pti = 0, Pti = and rji < 1. For a highly 
boosted coordinate system we could have all rji positive. Particularly, for the case 
at hand, we deal with massive particles and we can choose an appropriate frame to 
satisfy our requirement. Energy of any particle satisfies relativistic relation 

2 I ^2 



Ej = ^!W^i = mP+^^ + - (6.2) 

it is understood that there are terms higher order in denoted by dots. The expres- 
sion for energy is similar to that of a nonrelativistic particle in a lower dimension with 
mass term taking a modified form. When we use a light-cone (LC) frame, a spatial 
direction is identified and designated as longitudinal. The longitudinal momentum is 
Pli = rjjP and one defines P±i = Ej ± Pu = Ej ± rjiP. The mass shell condition 
translates to P^iP-i — P^j = mj and we can rewrite this relation as 

Ei - mP = (6.3) 

In the limit of large P, we have rjjP large and therefore, Ej —>■ rjjP with ~ '^^rijP. 
When M-theory is envisaged in IMF, let us designate the momenta as pQ,pi,i = 
1, ..9 and pu. One compactifies 11th direction with and this is also boosted, therefore 
{pi} are collectively denoted as pr- Thus for collection of the DO particles 

E-pT=T.^ (6-4) 

We note that there are 32 real supercharges in the theory. When one adopts IMF 
description, it is convenient to split them into two groups each having 16 of them. 
The charges in every group transform as spinors of SO (9). Let us denote charges as 
Qa, a = 1, ...16, and qa, A = 1, ..16. The algebra of these charges are 

{Qa, Qp} = SapH, {qa, Qb} = SabPii (6.5) 

{Qa,qA} = l\o.P^ (6.6) 
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Here H is the Hamiltonian operator, P's are the corresponding momentum operators 
and 7j are 16 dimensional gamma matrices. 

We have discussed earher, how DO-brane has a natural interpretation from the 11- 
dimensional theory with a compact coordinate and the RR charge is related to quan- 
tized momenta along this direction. The relation between mass and charge is satisfied 
since these are BPS states. There exists a sector with N units of DO-brane charge, 
carrying Kaluza-Klein momentum If we hold N fixed and take a limit Ru 0, 
we go over to the weak coupling phase of string theory; however, in the passage to 
this limit, the string scale is not held fixed. The aim is to study the phenomena in 
the 11-dimensional theory and thus In is to be kept fixed. We recall that 

Rl, = glA (6.7) 

and the string length scale, = Thus as the compactication radius tends to 
zero string scale diverges. We have also seen earlier, as the radius shrinks, the mass 
of DO-brane tends to infinity, when measured in 11-dimensional Planck units in ten 
dimensions. In other words the mass of DO-brane is 

(6.8) 



Qsh Ru 

and therefore, it is appropriate to identify them as the KK modes. Thus, when we 
consider mass of the these particles in 10-dimensions, in scales of eleven dimensional 
theory, the particles become very heavy and a nonrelativistic description is quite 
adequate. If we were to describe M-theory in terms of type IIA zero branes, then we 
have a scenario where M-theory is equivalent to — cxd limit of the nonrelativistic 
quantum mechanics of N DO-branes which are in weak coupling phase of type IIA 



theory. Furthermore, as Witten has argued |^5[ the physics of N coincident DO-branes 
is described by dimensionally reducing ten dimensional U (N) supersymmetric Yang- 
Mills theory to -|- 1 dimensions [ |110|| . Let us consider supersymmetric quantum 
mechanics of a single DO particle. The starting point is the action 

dtTrf-^iDoX'f - le^DoO + -^{[X\X^]f + e^ii[X\e]] (6.9) 



I 



This is the action obtained from 10-dimensional super Yang-Mills theory reduced to 
one dimension. Here i = 1, ...9 stands for transverse directions and 6 are real spinors 
with 16 components. Since X* and 6 come from the gauge groups, they are in the 
adjoint representations of U{N). Since they carry only time dependence, these are 
N X N matrices. Do = dt + [Aq, ] is the covariant derivative and this can be converted 
to ordinary derivative with the gauge choice Aq = 0. The mass of DO-brane is order 
thus the first term in (|6.9| ) can be written as / dt^^{^^Y . Note that the action 

( |6.9D contains parameters of type IIA theory. It is convenient to scale X* = gsu-^ 
which amounts to rescaling of the metric to that of 11-dimensional theory. Moreover, 



53 



one scales the time variable as t = gstr^T and denotes the r derivative by a dot. The 
action is rewritten as 

^ = / ^^Tr(^(n'-z^^^ + ^([F\r^]f + i?^^%r,^]) (6.10) 

If Ilj = and TT = —iO^ are conjugate momenta of and 6 respectively, the 
corresponding Hamiltonian is given by 

H = i?nTr(^n,2 - \i[Y\Y^]r - (6.11) 

One can define H = RuH for convenience factoring out over all Rn. Notice also that 
the potential energy term lRuTT{[Y\Y^]f is non-negative. When Rn oo, we are 
in decompactification phase of M-theory. Thus, the finite energy states of H are those 
for which the Hamiltonian H has vanishing eigenvalues. One seeks those states for 
which H\ip) = -^\ip), which is equivalent to seeking a solutionis l"?/^) = ^li^) where e 
is finite. We know that, for collection of N number of DO-branes, the total momentum 
Pii = and therefore, the energy is given hj E = We have to identify e with 
we recall (|6.4|). The N x N matrices X* can be interpreted as the location 



of N DO-branes. When we consider the potential term in Y^ variables (|6.10|) , we 



notice that there are fiat directions when [F*, Y^ = 0. Here we deal with a quantum 
mechanical system and Y^ have are the collective coordinates. In such situation as 
mutually commuting Y\ we can diagonalize Y^ = diag {y\,y2---y}^)- Thus yl^ is the 
ith coordinate of the nth DO-brane. It is easy to see that there is invariance under 
Galilean translation, Y^ — > Y^ + (PI and the Galilean boost "K* ^ + t>*tl as is 
expected of a nonrelativistic system, here 1 is the unit matrix. The boost will affect 
the center of mass momentum; but neither the relative momenta nor interaction term 
are affected by these transformations. 

We can consider two clusters separated from one another. This is familiar in composite 
model of hadrons where quarks are the basic constituents. In the parton picture, the 
proton is made of large number of partons with very small binding energy and one 
could describe photon-hadron deep inelastic scattering in IMF 1 11 1 1| | . In this case we 
can think of configurations where the N x N matrices Y^ can be decomposed to block 
diagonal form of say n blocks of NiX Ni, N2X N2, ■■■■Nn x Nn such that J2m = N. 
This decomposition can be interpreted as if we have n separated clusters of DO-branes 
where each of the clusters has Ni, N2, ..Nn number of particles. The distance between 
two clusters can be defined as 



Tab 



— Tr Ya - — Tr Y^ 

Na N, 



(6.12) 



where a and b are the two clusters. Now we can visualize how the potential will 
arise. It comes from Tr([y*, F-'])^ and this goes like modulus squared of the off 
diagonal block elements multiplied by the minimum of the r^^, and an appropriate 
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numerical constant. Thus, if we consider well separated cluster of D particles, the off 
diagonal elements are required to be small; otherwise, the potential will grow like r^^^. 
We should keep in mind that the system is supersymmetric and having a harmonic 
oscillator type potential does not imply ground state energy is that of the oscillator. 
The supersymmetric quantum mechanical system has a very rich structure. This 
becomes transparent if we consider a single DO-brane, i.e. = 1. 

H=^U^^^P^ = ^ (6.13) 

When we look at this equation from 11- dimensional point of view, this corresponds to 
the relation between energy and momentum of a massless particle in IMF. When we 
take into account the 16 component fermions, 6 we eventually get the supermultiplet 
with 256 total degrees of freedom and this agrees with the massless degrees of freedom 
of = 1 supergravity in eleven dimensions. In fact the bosonic components are 128 
equal to fermionic degrees of freedom. As is well known, there 44 components from 
graviton and 84 from the antisymmetric tensor field in 11-dimensions. When we have 
A^ > 1, it is necessary to separate the center of mass motion and define the relative 
coordinates and the decomposition is as follows: 

Il-i — Il-r i ~\~ 'J^Pcm il; Pcm i — Tr Ilj (6.15) 

and Tr I7 = Tr 11^ j = 0. Now the total Hamiltonian will be written as a sum of two 
terms 

H = H,m + Hr (6.16) 
with ^ ^ 

Hem „ J, J- i^Pcm i) i^Pcm i) (^■■^'^) 

/iV pii 

Note the appearance of the factor ^ = ^ as expected. We have defined the center 
of mass coordinate, canonical momentum and the Hamiltonian by taking trace over 
U{N) matrices. Therefore, the relative Hamiltonian is a function of Hj ^j- 

Thus Hr is quite similar to the original Hamiltonian; however, all the variables are 
SU{N) matrices, they are traceless since the trace part is separated out. It has 
been shown that the relative Hamiltonian has zero energy bound states due to the 
presence of supersymmetry |112| , |113|| . The total energy is due to the center of 



mass energy: E = E^m = 2^(-^^ cmY- In this case one also gets the supergravity 
multiple which has 256 states. Therefore, for any N, we see that the spectrum contains 
supergravitons. Suppose we decompose to various blocks which describe clusters 
of D-particles. In the simplest case, if the submatrices are exactly block diagonal so 
that off diagonal elements are zero, then the total Hamiltonian will be given by sum 
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of n separate Hamiltonians without any interactions amongst them. If we let the 
off diagonal elements appear (give them small values), that will amount to switching 
on interactions between the clusters. The physical picture is that we have several 
clusters, each cluster will have its supergraviton in the spectrum. There could be 
arbitrary number of them and therefore, we let N go to infinity. Thus the matrix 
model contains the full Fock space of supergravitons. The interaction among the 
supergravitons is described due to the presence of off diagonal elements and one 
should be able to describe various processes involving supergravitons in this picture. 
In order to compute S-matrix element for scattering of two supergravitons when their 
transverse velocities are small, we have to determine potential between them. One 
starts by considering the classical configurations and the fluctuations over them to 
compute the effective action ||114|| . Suppose we give transverse velocity v and define 



the impact parameter as b and expand the coordinates around their backgrounds as 
follows: 

X' = \ha^ + v^5X9 ^ ^8 ^ 1^^^^ ^ (6.18) 

X' = ^/^6X\ 1^8,9 (6.19) 

Here 6X^ denotes the fluctuations and a^, is the Pauli matrix. When we have van- 
ishing fluctuation, the classical configuration is such that total transverse center of 
mass momentum and position vanish. The 2x2 matrices are block diagonal which 
describes two clusters of DO-branes and in this case we have iVi = = 1- Now the 
separation between the two particles is given by Tab = \/vH'^ + 6^. The effective action 
can be computed using the standard techniques and the order Ti term will contain 
determinant of (basically) propagators when we restrict to one loop level. Thus 

Sen = So + J drV^Mr)) ^ J drV,ff{^vH^ + h^) (6.20) 

•t narflmptpr tVip Inner rancrp nart nf fhp nntpntial in tVip IpflHincr orHpr 



For large impact parameter, the long range part of the potential in the leading order 
is given by ||114| 



Veff{r) = — — — + higher orders (6.21) 



The result is striking in the sense that this form of the potential can be derived from 
the supergravity action at the tree level i.e. considering graviton exchange. Thus 
starting from s simple M(atrix) model description, one could extract a result of 11- 
dimensional supergravity. 

The 11-dimensional supergravity admits supermembrane. It is worthwhile to ask 
how much the M(atrix) model can tell us about the underlying membrane theory. 
The membrane is extended object in two spatial directions as the name suggests. 
Moreover, the dimension of spacetime in which the supermembrane can exist is quite 



restricted ||115| , |25| . The reason for such constraints lies in the fact that the action 
contains Wess-Zumino-Witten term and the supersymmetry invariance of the full 
action restricts the spacetime dimensions to 4,5,7 or 11. The membrane is described 
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by Z^{o-, ^, r), where a, ^ and r are the worldvolume coordinates. When one adopts a 
Hamiltonian formahsm, a fixed r-shce is chosen and thus the exphcit r dependence in 
Z'^ does not appear and the derivatives with respect to worldvolume time are traded 
for canonical momenta V^. The light-cone gauge is a convenient description to see 
the physical degrees of freedom and in this gauge the membrane Hamiltonian takes 



the following form |116 



Hm = ^ I f^.Vf + / dada{Z\a, 0, Z^{^, 0})' + fermionic terms 

(6.22) 

where the brackets appearing is the second term are defined as 



{A B} = d^Ad^B - d^Ad^B (6.23) 

and T2 is the membrane tension. Let us assume that the worldvolume of the mem- 
brane can be written as S x i?, where S has the topology of a torus. For this topology, 
Z\a,C,) is a double periodic function and we can expand in double Fourier series 
with as the Fourier coefficients. Thus we have nine cxd x cxd matrices and same 
would be the case if we had considered nine y*'s in the N 00 limit. In order to 
establish relation with the membrane Hamiltonian ( |6.22|) , we have show how the com- 
mutator goes over to the bracket {Z'^,Z^}. For arbitrary finite N, introduce 
two N X N matrices U and V, satisfying the properties 



2i-K . 



= V'^ = 1, and UV = e—VU (6.24) 



This can be realized if U and V have the following special form Uj^j^i = U^^i = 1 and 

^■j' ~ ^ ^ other matrix elements set to zero. A more abstract, 't Hooft, 

representation is 



27T 

U = e'P, V = e'\ [P,g] = ^« (6.25) 

This is the canonical commutation relation between position and momentum when the 
space is taken to be compact and discrete. It is worthwhile to point out that the above 
commutation relation will not hold good for finite dimensional matrices. However, 
acting on states with low wave number, the error on the r.h.s of the commutator 
[p, q] is further down by power of N and therefore, ^ is the leading term. Thus 
as N assumes higher and higher values, the error gets smaller and smaller. From 
= = 1 we can conclude that p and q take eigenvalues m^, where m takes 
values 0,1,2...(A^ — 1). Moreover TtW^V"^ = N6n,oSm,o, where in both the Kronecker 
delta are to be understood as mod N. Now we can expand any N x N matrix in terms 
of Fourier modes. 

N/2 N/2 

A= A,,„,U^V'^= ^n^e^'V'"^ (6.26) 

n,m=N/ 2-1 n,m=N/ 2-1 
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Since commutator of p and q is order in the N ^ oo limit, they will commute. The 
eigenvalues of these two operators will fill the interval [0, 27r] and is to be identified 
with 27r since we have toric geometry. The double Fourier expansion (|6.26|) takes the 
form 

oo 

A{p,q)= V A„„e^"V™'? (6.27) 



and the Fourier coefficients with the double index are defined as 

Anm = r r ^^A{p, q)e-^-^e~^^^ (6.28) 

Also Tt A = NAoo, when we take N ^ oo limit, Ti A ^ AT/^" /g^" One 
can show with some algebra that the commutator of two matrices in the infinite N 
limit goes over to the {, }. Finally bosonic part of the M(atrix) model Lagrangian 
goes over to a form (identify ^ = da and ^ = dO 

L^^—jdadi{Z\a,Of-— j dadC{Z\a,0,Z^{<T,Or (6.29) 

Note that ^ = pn, therefore conjugate momentum of is puZ\ Thus passage to the 
Hamiltonian (in light-cone gauge) gives the membrane Hamiltonian ( |6.22| ). This is 
indeed a remarkable result that a simple supersymmetric quantum mechanical system 
encodes the dynamics of the supermembrane. 

It is natural to ask whether one obtain a string starting from the M(atrix) model. 
First, one compactifies the theory to ten dimension. When the compactification 
radius is small, the theory contains the Fock space of the type IIA string. As the 



radius tends to zero the string becomes free ||117|| and correct leading order string 
interactions could be reproduced. In order to carry out compactification, we replace 
the matrices by infinite dimensional operators. The compact coordinate is represented 
as X°- — > —i-^^NxN — Aa{a). Here A is a U{N) gauge potential. The rest of the 
variables are taken to be matrix valued function of a. If we use this ansatz, the 
resulting Hamiltonian is that of maximally supersymmetric 1 + 1 dimensional Yang- 
Mills theory. In the limit when radius goes to zero and N is taken to be infinity, the 
moduli space of this model coincides with the Fock space of type IIA theory. 
Indeed, the M(atrix) model has opened up new avenues to study dualities between 
compactified model on torus and Yang-Mills theory on dual space. Moreover, there 
are applications of the M(atrix) model to study black holes we refer the interested 



reader to the review on the subject |Q. Another interesting development has been 
to understand type IIB theory and its dualities from a matrix model formulation. 
In this approach one adopts procedure of Eguchi and Kawai to consider reduced 10- 
dimensional super Yang-Mills theory and it is a theory of N x N matrices which even 
carry no time dependence | |11^| . We refer the reader to the review article of Makeenko 
I TTOj . 
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7 Anti-de Sitter Space and Boundary field Theory 
Correspondence 

Recently, attentions have been focused in constructing supersymmetric gauge theo- 
ries by considering various configurations of branes in string theories as well as in 
M-theory. When we have N coincident Dp-branes, a supersymmetric U{N) gauge 
theory lives in worldvolume of the branes. The expansion proposed by 't Hooft 
|121|| revealed several aspects of SU{N) Yang-Mills theory. According to 't Hooft, one 



should consider large N limit of the theory keeping Qyu^ fixed, qym being the gauge 
coupling constant. Then a Feynman diagram is designated by the topological factor 
iV^, X being the Euler characteristic of the Feynman diagram. When we consider, 
expansion in rather than in coupling constant, each order in contains diagrams 
to all orders in coupling constant and the leading order corresponds to the planar dia- 
grams. Maldacena ||120| | has made remarkable conjecture regarding large N conformal 
gauge theories. The proposal states that large N limit of a conformally invariant the- 
ory in d dimensions is determined by supergravity theory on d+l dimensional Anti-de 
Sitter space times a compact space (for a sphere it is maximally supersymmetric). 
The AdS/CFT connection has led to the generalization of the holography principle 
in this context ||123| , |124|| which was first introduced in black hole physics ||125| , |126| 



in order to understand the Bekenstein entropy bound and the area law for black hole 
entropy. Thus the conjectures of Maldacena led to reveal deeper connections between 
string theory and super conformal gauge theories. 

We have emphasized earlier that gravity is an integral part of string theory since gravi- 
ton is a part of the spectrum. Moreover, gauge fields also invariably appear in string 
theories. Let us recapitulate a few points in order to get a perspective of AdS/CFT 
connections. We have seen that the heterotic strings, through their constructions, 
contain nonabelian gauge groups and graviton in their massless spectrum. The type 
II theories have graviton, coming from NS sector, in their perturbative spectrum. 
However, with the discovery of Dp-branes, we know that supersymmetric gauge the- 
ories can arise if we consider coincident Dp-branes in type II theories. Type I string 
theory admit nonabelian gauge field since Chan-Paton factors can be attached to the 
end points as was discussed earlier. Furthermore, consistency of the theory requires 
that we have to incorporate closed string sector in order to account for nonplanar loop 
corrections; therefore there is gravity coming from the closed string spectrum. For 
this theory, when we take a' — limit Yang-Mills theory appears automatically and 
since consistency requires inclusion of closed string states, gravity also will appear 
in the zero slope limit. In view of preceding remarks, one might conclude that, in 
string theory, gravity and gauge theory invariably appear simultaneously. Thus the 
important question to answer is that how the string theory can describe the strong 
interaction among quarks and gluons. The recent developments ||120| , |122| , |123| , |127 | 



have provided connections between string theory and gauge theories. 

The configuration under consideration is N coincident Dp-branes and open strings 
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can end on these hypersurfaces. When we look into the dynamics in the worldvol- 
ume we have collection of these open strings and their excitations. Moreover, the 
worldvolume fields have their interactions and also there exists interaction with the 
bulk. An interesting limit to consider is when dilaton remains at a fixed value and the 
slope parameter tends to zero value. Then, at low energies, the gravity decouples; but 
to keep the interactions in the worldvolume in tact, we should have gauge coupling 
finite, for the U{N) gauge theory. In fact, if we ignore the center of mass part, then 
we need to consider the SU{N) gauge theory. It is necessary to go near the horizon, 
r — 0, to see the connection between AdS and CFT. In the near horizon limit, recall 
eq.(5.11) and eq.(5.12), that the factor 1 appearing in the definition of the harmonic 
function of the Dp-brane can be neglected. To be specific let us first consider the 
metric in the case of N coincident branes. 

ds'^ = Hp {r)rj^^dx'^dx'' + Hpdyidyi (7.1) 



where, {yi} are the transverse coordinates and r = \py((f. The indices /i, v.... are for 
tensors on the worldvolume. The dilaton and the (p+ l)-form potential, coming from 
the RR sector, are given by 

g-(<^-0o) = Ep[rf^, and A = [Hp{r)]-^ (7.2) 

and 

Hpir) = l + ^, C, = A__^,,,, (7.3) 
Here we have suppressed the indices of the {p + l)-form gauge potential and Qr = 

(q+i) 

'^^(q+i), and 00 is the asymptotic constant value of the dilaton. When we have N 
coincident D-branes, the worldvolume action is the generalised Born-Infeld action 



proposed by Tseytline ||128|| 



Sbi = / t/f+i^e-<^STrv'-det[G^, + 27r«'F^,] (7.4) 

Here G^^, is the pullback of the metric Gmn to the world volume and F^^, is the gauge 
field strength on the brane. The tension of the brane is 

Tp = ^-^^ = ^ (7.5) 

and Qstr is the string coupling constant. The action ( |7.4| ) under the square root can 
be expended and keeping the second order term in gauge field strength one can write 
the action in more familiar form 



S, 



gauge = I d^+^^ll F.^F^^ (7.6) 

YM •' 



^9 
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where Tr is taken over the gauge group matrices and the gauge couphng constant is 
identified as Qym = 25'str(27r)(P~^)(Q;')^^2^. We know from the solutions discussed in 
previous section (recall eq.(5.12) and eq.(5.13)) that, in the limit, when r oo, the 
metric is flat. Here one is looking for the behaviour of the sohition in the r — > 
hmit and one chooses a brane for which the dilaton is constant at the horizon. If 
we consider D3-branes, then wc find that not only the dilaton is independent of r, 
but also the Yang-Mills couphng constant is dimensionless. As mentioned above, one 
examines the configuration of N coincident branes in the following limit 

r ^ 0, a' ^ 0, and t/ = ^ = fixed (7.7) 

a 

Therefore, we can neglect 1 appearing in the harmonic function, and the D3-brane 
metric goes over to 



{dx,^if + ^^^^dU-" + ^fi^^rdn,' (7.8) 



The last term is the fine element of five sphere and the metric describes the manifold 
AdS X 5*5 The radius of AdS is the same as that of and the radius is given by 
RAds = (ct'^/47riV^^) 2 Since the Yang- Mills coupling constant satisfies the relation 
9ym — ^'^gstr, the radius of the AdS gets related to the Yang- Mills couphng constant 
as 

^Ads 



a' 

We know that the worldvolume theory of N coincident Dp-branes is supersymmetric 
Yang- Mills theory in p -|- 1 dimensions and therefore, in this case the N — A SUSY 
gauge theory will appear. This is known to be a conformally invariant theory. From 
the supergravity side, we could describe the theory even for large radius; but that will 
amount to taking Nqym to large values. Maldacena's conjecture states that strongly 
coupled N = 4 super Yang-Mills theory is equivalent to 10-dimensional supergravity 
compactified on AdS^ x 5*5. However, the consistency of the supergravity theory 
requires string theory at a deeper level. Thus supersymmetric four dimensional Yang- 
Mills theory is equivalent to type JIB theory compactified on AdS^ x 5*5 . The relations 
among the parameters are 

9ym = = ^^9str, and R\^s = "'^ (7-10) 

Let us very briefly recall some essential features of the Anti-de Sitter space. The 
Einstein-Hilbert action in the presence of cosmological constant term is 



^-^j d'^x^WR + K] (7.11) 
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We consider D-dimensional spacetime with Minkowski metric. The field equations 
are ^ ^ 

Rfiu - ij^gpivR = ^9f,u^ (7.12) 

Taking the trace of this equation, we can determine curvature scalar R in terms of 
A, and then derive the relation 

= J^9f^u (7.13) 

In this case the Ricci tensor is proportional to the metric and these are Einstein 
spaces. This is also maximally symmetric space ||129|| with the property that 

R 



R, 



fiupX 



D{D 



Y,(9,yx9t^p~ 9up9f.x) (7.14) 



The example of such space, with nonzero curvature, are de Sitter, Anti-de Sitter and 
D-spheres. In this sign convention, AdS space has positive cosmological constant. 
The AdS space is best described by an embedding. We start with D + 1 dimensional 
pseudo-Euclidean embedding space with coordinates {y^ = ?/°, y^, ...y^"^, y^} and 
metric r] = diag (+, — , — +) and the distance squared is 



D-l 



1/^ - (l/Y + (Z/T - E (!/")' (7.15) 



n=l 

Note the appearance of two time coordinates from the form of the metric. The 
length remains invariant under SO{D — 1,2) global transformations 

^ y'" = (7.16) 

where is an SO{D — 1,2) matrix. If we consider the locus of 

= 1? = constant (7-17) 

and that defines AdSo. It is worth noting that the invariance group for theories 
defined on AdSr, is same as that of the D-dimensional fiat space that is D generators 
corresponding to translations and \D{D — 1), generators from Lorentz rotations. 
Next, let us consider what is the conformal group in D-dimensional Euclidean space 
E'^. In this case the Poincare group has altogether \D[D + 1) generators (D trans- 
lations and rest from Lorentz group). Then we have following extra generators: 

x-^\x (7.18) 

this is dilation and A is a real number. Furthermore, there is special conformal 
transformation 

— = - + 0.' (7.19) 
x' X"^ 
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This transformation involves n parameters The transformation ( [7.19|) can be 
rewritten as 

x'^ = ^ +"^^ ^ ^ (7.20) 



1 + 2x^^a^ + a'^x'^ 



Thus we see that the total number of generators are: \D{D + 1) + 1 + D = \{D + 
1)(D + 2). This is the same number of generators that AdS^+i space has. Indeed, in 
view of the recent developments, one can establish the connection that the isometry 
group of AdSo+i, S0(2,D) acts on the boundary as the conformal group acting on 
Minkowski/Euclidean space. We list below the generators of conformal group and 
their algebra 

[M^„ Pa] = ^i9uxP^. - Qf^xPu) (7.21) 

[M^., Map] = i{g^,pM,x - 9^xM,p + g.xM^p - g,,M^x] , (7.22) 

[Mp„ Kx] = t{guxK^ - g^xK (7.23) 

[D,P^]=tP, (7.24) 

[D,K^]-tK^ (7.25) 

[P^,K,]=2t{g^, + M^,) (7.26) 

The generators of conformal transformation have the following representations, when 
we choose Cartesian coordinate system and consider transformation properties of a 
real scalar field: = —id^, M^^ = x^P^ — x^Py, D = x^P^ and K^^ = x^P^ — 2x^D, 
corresponding to translation, Lorentz transformation, dilation and special conformal 
transformations respectively. 

Let us discuss the evidences in support of Maldacena's conjecture. When we consider 
collections of D3-branes of the type IIB theory we note that D3-branes couple to the 
5-form field strength and N units of this flux will pass through the five sphere of the 
AdS^ X 5*5 manifold. The isometry group of is SO (6) and the AdS^ is endowed with 
isometry group 50(4, 2) as we have just mentioned. The IIB theory has fermions and 
therefore, it is more relevant to consider the covering groups SU{4) and SU{2, 2) of 
5*0(6) and 5(4, 2) respectively. We also know that type IIB theory has 32 Majorana 
supercharges. These supersymmetries are preserved by the background under con- 
sideration. The invariance group is the super Lie group 5[/(2, 2|4) for this theory. 
On the super Yang-Mills part, one has to examine how the above symmetry appears 
on the boundary theory. We have mentioned how the conformal group, for the case 
at hand, is to be identified as 50(4,2) or 5f/(2,2). It is well known that = 4 
super Yang-Mills theory is conformally invariant in four dimensions, since the theory 
has vanishing /3-function [ |13(J| ], and thus the origin of the conformal group is well 
understood. Let us now focus our attention on the other symmetries present in type 
IIB theory. The ten dimensional super Yang-Mills has gauge bosons, A^, /i = 0, 1, ..9, 
a being U{N) group index and thus there are 8 physical states corresponding to each 
gauge field. The superpartners are Majorana Weyl gauginos having matching num- 
bers. The theory has 16 Majorana supercharges in D = 10. When we consider the 
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4- dimensional action, dimensionally reduced from ten dimensions ^ physical 
degrees of freedom of each of the ten dimensional gauge field decomposes into 2 (cor- 
responding to physical degrees of freedom of gauge field in D = 4) and six scalars, 
(f)°;,i = 1,2. ..6, a is group index suppressed from now on. The number of, gauginos 
are given by the Weyl spinors, A;^, A = 1,2,3,4, a = 1,2. One of these fermions, 
together with the gauge field can be grouped define a vector superfield. The rest of 
the three spinors can be grouped with the scalars (which appeared after dimensional 
reduction) to define 3 chiral superfields. The 16 supercharges can be grouped into 
4 sets of complex Majorana charges Qa^Qa^ ^ = 1)2,3,4 and a = 1,2 These two 
supercharges transform as {4} and {4} of the R-symmetry group SU{A). The scalars 
(pi transform as {6} of the 5*0(6), since we deal with the covering group SU{4:), the 
scalars transform in the antisymmetric, rank 2 representation of the SU{4:). We see 
that type IIB theory has 32 supercharges, but the super Yang-Mills has only 16 of 
them. We know from discussions in Sec. IV that in the presence of the coincident 
D3-branes, half of the supersymmetries are preserved. When we consider the super- 
conformal algebra the rest also appear as the extension of the superconformal group 



Another important nonperturbative symmetry of type IIB theory is the SL{2, Z) 
symmetry where dilaton and axion define the moduli. In the Yang-Mills sector the 
S-duality symmetry is robust and is known to be, again, SL[2, Z). In this case, the 
modular parameter r = tt- + whereas in the former case it is r = y -|- ie~'^. 

^ 27r A 

The preceding discussions were focused to show that the symmetry properties of the 
type IIB theory and those of = 4 super Yang-Mills are the same. It is important to 
investigate which physical properties are common to both the theories. Indeed, if the 
two theories are equivalent, it should be possible to identify a physical field in the 
bulk theory and find the corresponding object on the boundary theory. Then, one 
of the tests will be to compute the correlators involving relevant objects in each of 
the theories and check the consistencies. Thus it is important to identify the physical 
quantities (operators) in both the theories. In the case of the boundary theory, one 
obvious criterion will be to choose gauge invariant operators while computing the 
correlators. One could formally express the equivalence between the theories through 
the relation among the generating functionals. 



The l.h.s. of the above equation is to be identified as the generating function for 
the supergravity theory (rather low energy limit of IIB theory). The action Su 
is determined in terms of the massless states of the supergravity and the Kaluza- 
Klein towers and these are collectively denoted as ^{z,u). Here the coordinates 
= {x^,r) and /x taking values 0,1,2,3 are to be identified as the AdS coordinates 
and uj is the coordinate on five sphere. Moreover, it is implied due to the presence 
of J{x) that it also depends on the boundary data of the bulk fields. The r.h.s. 
defines the generating function for A^ = 4 super Yang-Mills theory; however, one only 



1311. 



e 




(7.27) 
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computes the correlation functions of gauge invariant composite operators denoted 



by 0{A) with couphngs to J{x). In this general setting |p.22| , |123| , |132|| , one will 
be able to compute the correlation functions from both the theories and establish 
the correspondence between the two theories. Let us consider a simple example as 
illustration for the case of minimally coupled scalar in the bulk theory which could 
be identified with the dilaton. The action on the bulk for the dilaton on AdSr, x 5*5 is 

373 

S = / d^xJl^lg^^d^cpd^cj) (7.28) 



4G 



10 



The factor n^b^ comes from the volume of 5*5, through implicit assumption that (f) has 

no dependence on coordinates of five sphere. The metric is gn^ = KSnu, is metric on 

^0 



AdS^, now in the Poincare coordinates. For large A >> 1, the classical supergravity 
can be taken to be a good approximation ( |7.10D . The dilaton equation of motion is 
given by 

d,i^g'-'d,<P) = (7.29) 

Of course, this equation can be solved by the standard Green's function method. The 
purpose is to determine the generating function with value of dilaton computed on 
the boundary, call it 0o which is value of as xq — ^ 0. Thus we can write 

(f){xo,x) = / d'^zK{xo, X, z)(f)Q{z) (7.30) 



the vectors refer to four dimensional vectors on the boundary space and the Green's 
function is defined as, 

4 

Now, one can insert the solution for into the action to determine it at the classical 
value of dilaton 

TT^foS rd^x 



e is the cut off for the lower limit of integration. Once expression for is inserted 
into the action, then it is possible to take cut off to zero and everything is finite. The 
action is given by 

Then the generating function can be obtained by exponentiating this action. On the 
super Yang-Mills side, since it is a conformal field theory in four dimensions, the 
quadratic of Yang-Mills field strength has dimension 4 and product of two of the F"^ 
terms behave as 

If we want to determine the dilaton correlation function on boundary, we compute 
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6(j)o{x)6(j)o{z) {x - z)^ 

Now comparing ( [7.34| ) and ( |7.35| ) we find that they are in agreement. If one con- 
siders, metric perturbation of the form g^^, = rj^y + h^^ and then computes the two 
point correlation of this perturbation on the brane taking the boundary hmit; this 
correlation is identical to the correlation of stress energy momentum tensors (product 
of a pair of them; just as we took correlation of two terms while identifying the 
dilaton two point functions). 

Let us recall that the 't Hooft coupling A = Ngy^ and the length parameter = 
lj\ = Anl'^Ngstr are related. If we hold A fixed and let N ^ oo, then the string 
coupling tends to zero. Therefore, string perturbation theory can give reliable result 
in this limit. Thus, one can get a full quantum theoretic description of the Yang- 
Mills theory in the N oo limit. Instead of holding A fixed, if we allow it to take 
large values, then in the domain, where AdS radius is kept constant, the relevant 
limit is a' —>■ 0. We know that in the zero slope limit the string theory goes over to 
supergravity theory. We saw the matching of AdS/CFT in this limit. But the conse- 
quences of Maldacena conjecture is very interesting in this regime, it tells us how the 
superconformal gauge theory in the N ^ oo limit behaves in strong coupling domain. 
Of course, the example we have been considering is the one where the /5-function of 
the theory vanishes identically and therefore, it is not a realistic theory if we want 
to establish connection with supersymmetric gauge theories which have running cou- 
pling constants leading to asymptotic freedom. There are attempts to construct field 
theories which will have broken SUSY and conformal invariance (for example classical 
SQCD is scale invariant, but in the quantized theory scale invariance is broken). Wit- 
ten [|133|| has proposed that one should consider AdSj x 5*4. The resulting boundary 
theory corresponds to 6-dimensional theory whose action is yet to be explicitly con- 
structed. Then one compactifies the theory on and require that fermions satisfy 
anti-periodic boundary condition around a cycle of the two-torus. Then the bound- 
ary theory is a four dimensional one. Conformal invariance and supersymmetry are 
broken in this 4-dimensional theory and we have a pure gauge theory with large N. 
There has been rapid developments in studying the interconnection between super- 
gravity (rather type IIB) theory on AdS space and boundary gauge theory. Sev- 
eral important issues pertaining to string theory and gauge theories have been ad- 
dressed in this context. We refer to some of the recent review articles in this subject 

13^ |i35t ra. 



8 Cosmology and String Theory 

The remarkable attribute of string theory is that it provides a unified description of 
laws of Nature. Although, a connection with the phenomenological aspects of ele- 
mentary particle physics is not firmly established so far, there are several indications 
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that we are persuing the right path. We have discussed, in Action V, how string 
theory has provided an adequate description of the physics of the black holes from a 
microscopic point of view as is expected from a theory describing gravity. 
It is natural to address questions intimately related to evolution of the Universe and 
its creation in the frame work of string theory. Einstein's theory provides a very good 
description of classical gravity and has been tested with precision measurements. The 
principles of equivalence, cosmological principle and the big bang hypothesis are fun- 
damental ingredients of the standard cosmological model [|137|| . The experimental 
data have verified the predictions of the standard cosmological model to a great de- 
gree of accuracy. However, in order to understand some of the salient features of 
our Universe such as its flatness, isotropy and homogeinity, the horizon problem and 
the large scale structure; the paradigm of inflation has been accepted as an integral 
part of the theory of the cosmos. In simple words, our Universe underwent rapid 
superluminary expansion after the big bang so that we can understand some of the 
cosmological observations alluded to above. Indeed, considerable efforts have been 
made, in recent times, to understand mechanisms of inflation and to explore conse- 
quences of various inflationary models. It is necessary to introduce a scalar field, in 
generic inflationary model, to explain the mechanism; however, the inflaton field is 
introduced in an ad hoc manner. 

We expect that string theory should provide answers to the questions related to the 
evolution of our Universe. In the cosmological scenario, in this approach, one con- 
siders Einstein and matter field equations obtained from the string effective action, 
(2.37), when the metric and background fields (corresponding to dimensionally re- 
duced 4-dimensional action) depend only on the time coordinate; usually identified 
with the cosmic time. In string theory, the scalar dilaton, appears naturally in the 
massless spectrum of theory and it is tempting to identify this field as the one respon- 
sible for inflation in early epochs ||138|. It is well known that a dilatonic potential 



cannot be generated in a superstring theory perturbatively. Furthermore, the VEV 
of dilaton determines the Newton's gravitational constant, gauge coupling constant, 
Yukawa couplings of the fermions amongst other parameters of string theory. In a 
cosmological context, the dilaton acquires time dependence and it will roll with evolu- 
tion of the Universe. However, the dilaton must decouple at some appropriate time in 
the history of the Universe ||139|| , otherwise, the nice (tested) predictions of late time 
cosmology will be seriously affected due to the fact that a time dependent dilaton 
controls masses and coupling constants. Notice that, eventually, the dilaton potential 
becomes important and the dilaton settle down at the bottom of the well. There 
are important consequences for a massless dilaton: it violates equivalence principle 
140|| . Moreover, the dilaton mass is bounded as > 10~^ eV, in order to fulfill the 



observational constraints ||141 



There is a novel approach to describe inflation phenomena in string theory [142, 143 



known as the pre-big bang (PBB) proposal. Since, considerable attention has been 
focused to investigate the consequences of the PBB scenario, we shall discuss impor- 
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tant features of this proposal and refer the interested reader to some of the recent 
reviews in the subject ||144| , p.45| , |146| , |147| , |159|| . The target space duahty, often called 



T-duality, is a key ingredient leading to a new mechanism for inflation in string cos- 
mology. In this approach, one does not need potential for the dilaton for accelerated 
expansion of the Universe unlike the case of standard mechanism for inflation. It is 
the coupled dilaton and metric evolution equations which are responsible for inflation. 
It follows from the properties of these equations, as discussed below, that there are 
two branches of solution, denoted as ± and in each branch there are two sets of solu- 
tions. One of the solutions in the (+)-branch is such that the corresponding Hubble 
parameter and the second derivative of the scale factor are positive. Therefore, the 
Universe has accelerated expansion for this case. This branch gets related, by com- 
bined operation of duality and time reversal to a solution in the (— )-branch which 
has the features of the FRW metric in the sense that it is expanding but decelerating. 
If there is a mechanism for a smooth transition from the afore mentioned (+)-branch 
to the (— )-branch, then following interesting scenario emerges. In the pre-big bang 
scenario the time begins somewhere in the infinite past, in contrast with the big bang 
model in which we identify beginning of time with the big bang singularity. Thus the 
Universe evolves from a low curvature regime proceeding towards strong coupling, 
high curvature domain with accelerated expansion. Then the Universe emerges into 
the FRW like post big bang phase in which standard cosmological model applies. 
Of course, it is essential to understand the mechanism for transition from one phase 
to another known as the problem of graceful exit. Let us recall, very briefly, how 
T-duality and time reversal transformations relate different solutions of the cosmo- 
logical evolution equations of string effective action. 
The string effective action, in the cosmological scenario, is given by 

S = -;7T^ / dt/\g\e~HR + 0') (8.1) 

where Ag is the inverse of the string scale. The d + 1 dimensional metric has the form 
ds^ = dt^ — gijdx^dx^ , gij is the spatial part of the string frame metric since we can 
always choose ^^oo = 1 and goi = in the cosmological context. We have omitted 
the field strength of the antisymmetric tensor field. In the presence of graviton, anti- 
symmetric tensor and dilaton the string effective action can be brought to manifestly 



0{d,d) invariant form, d being the number of spatial dimensions ||148|| . As we have 
mentioned above the duality symmetry of string theory plays a very important role in 
relating the two epochs i.e. t > and t < 0, in the evolution of the Universe. Let us 
consider a homogeneous, isotropic Universe so that we have only one scale factor a{t) 
and the spatial metric is diagonal: gij = diag {a{ty' ^a{ty' ,a{ty' , ...). The resulting 
field equations take the following form: 

20 + 2d^H - 02 - 2dH - dH^ - (dH)^ = (8.2) 
02 - 2d<i)H - dH^ + {dH f = (8.3) 
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+ dH^ -H^-dH+ ^dH^ - ^{dHf - + + d(pH = (8.4) 

The first of the above three equation comes from variation of the dilaton 0, the second 
follows from the — component of the Einstein's equation which is the Hamiltonian 
constraint on this occasion. Here, if = ^ is the Hubble parameter. The last equation, 
in an expanded form, is the {i, i) component of the Einstein's equation and the off- 
diagonal space-space components are found to be trivially satisfied. If we stare at the 
dilaton equation and the last equation, the part, at the first sight, we note that 
both have second derivative of time for dilaton and it might be a formidable task to 
solve the graviton dilaton equation. However, the last five terms of the third equation 
coincide with dilaton equation of motion and we are left with a simple equation 

H - H<j)- dH^ = (8.5) 

Notice that ( p.3[ ) is quadratic in (p and therefore, the solution has two roots. Moreover, 
( p.5| ) is an evolution equation for the Hubble parameter with a term involving (p. 
Thus H will have two equations corresponding to each root of (p. Therefore, there are 
altogether four branches when we inspect the solutions of coupled graviton-dilaton 
equations. Let us introduce the shifted dilaton 

(j){t) = (j){t) - din a{t) (8.6) 

It is obvious from the evolution equations that if {a{t), (f){t)} satisfy the equations of 
motion, then the new set {a(t)~^, (p — 2d In a{t)} are also solutions to the equations 
of motion; indeed, this is a part of the 0{d,d) group and the shifted dilaton, (p, is 
invariant under this T-duality. Another property of the time evolution equations for 
dilaton and that for the scale factor is that they are invariant under time inversion 
t —t with H —H and cp —cp. Let us consider a simple illustrative example 
to demonstrate how one can generate solutions in the four branches. We begin with 
a specific isotropic solution 

a{t) = t^/^ 0(t) = -In t (8.7) 

for t > 0. We can generate new set of solutions by implementing duality and time 
reversal transformations. In fact we can get the four solutions, mentioned above, 
starting from the (seed) solution of the previous equation. The solutions are 

a±(t) = t±Vv^^ = t (8.8) 

a^{-t) = (-t)±i/^, 0(-t) = -ln{-t) (8.9) 

Let us examine the characteristics of the four solutions in some detail. a+(t) corre- 
sponds to decelerated expansion, whereas a_(t) is identified for decelerated contrac- 
tion. These two solutions lie in the positive t branch. In the negative time branch. 
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a+(— t) and a_(— t) are identified to be accelerating, contraction, and accelerating ex- 
pansion respectively. If a > (a < 0) the solution describes expansion (contraction). 
Similarly, a solution is called an accelerated one (decelerated) if a and a have same 
sign (opposite sign). Since the dilaton is the coupling constant in the theory, it is 
important to extract time dependence of the dilaton in the four branches. 

0±(±t) = (iVrf - 1) ln{±t) (8.10) 

which can be obtained from definition of 0. Note that a+(t) has the characteristics of 
FRW solution in the sense that it corresponds to expanding Universe with decelera- 
tion and the singularity lies in its past. On the other hand, a_ (—/!:) is the one which is 
expanding with an acceleration and the singularity is in its the future. Furthermore, 
these two solutions are related to each other under simultaneous duality and time 
reversal transformations as we mentioned earlier. If one introduces a dilatonic poten- 
tial, the full set of solutions continues to exhibit same characteristics: there are two 
branches and each branch having two solutions. In view of remarks at the beginning 
of the section, a dilatonic potential is very much desirable. According to the PBB 
proposal, the Universe initially is flat, cold and is in the weak coupling regime and 
therefore, the tree level string effective action is a good starting point. Moreover, 
we can trust the perturbative vacuum. Subsequently, the Universe evolves towards 
curved, hot and strong coupling domain under going accelerated expansion. If the 
Universe could smoothly pass over to the FRW like regime, then we would have not 
only resolved the mechanism of inflation, but also the initial singularity problem could 
be circumvented. It is well known that a smooth transition from the (+)-branch to 
the (— )-branch is not possible if we consider the tree level string effective action due 
to the no-go theorems |p.49| , |150|| . Therefore, graceful exit is an important issue when 



we envisage pre-big bang scenario. One of the possibilities is to appeal to quantum 



string cosmology in order to resolve the graceful exit problem [151| and the other 



approach is to consider the string effective action with higher derivative terms due to 



string look and/or a' corrections ||152 |. 



The examples, illustrating mechanisms for inflation in the pre-big bang scenario, cor- 
respond to spatially flat, homogeneous solutions of the equations of motion. It is not 
desirable to start with a homogeneous solution from the onset, if we want to solve 
the homogeneity and flatness problem in cosmology. Therefore, a more appropriate 
approach will be to consider generic initial condition in the vicinity of the pertur- 
bative vacuum. One could consider a scenario where, long before the big bang, the 
Universe was inhomogeneous so that the fields (dilaton in this case) were spacetime 
dependent and moreover, the time derivative and spatial gradients were comparable. 
Furthermore, if we want to follow the PBB approach, these derivatives were small, 
to begin with, so that initially we are in the perturbative regime. If one looks at the 
evolution, it is noted that certain patches develop where time derivatives dominate 
over spatial gradients. If the kinetic energy of the dilaton contributes a good part to 
the critical density, the dilaton driven inflation sets in so that the patch gets blown up 
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and it becomes homogeneous, isotropic and spatially flat. Another important aspect 
is to investigate situations when the spatial curvature is nonzero and examine how 
various cosmological criteria are affected |p.53|| . In view of above discussions, there 
have been considerable activities to study the evolution of the Universe taking into 
account effects of spatial curvature, inhomogeneity and examine various aspects of 
pre-big bang string cosmology. 

Recently, the principle of holography has attracted considerable attentions in cosmo- 
logical context and especially in string cosmology. The Bekenstein-Hawking entropy 
formula states that the entropy associated with a black hole is proportional to the 
area of the horizon. According to holography principle, when we are dealing with a 
system with gravity, the degrees of freedom of that system is bounded by the surface 
area of the volume, V, in which the system resides. Recently, Fischler and Susskind 



154|| examined the issue of holography in the cosmological frame work. If we consider 
the Universe as a whole and explore the consequences of holography as applied to the 
black holes, we encounter difficulty in the following way. Let us consider the FRW 
metric as an example. The entropy per unit comoving volume is constant as can be 
inferred from the covariant conservation of stress energy momentum tensor. Thus, if 
we take a large enough value for the scale factor, the holographic bound 4 < 1 will 



be violated. It was proposed in ||154|| that one should consider the following situa- 
tion while applying holography in the cosmological scenario. Let us consider a four 
dimensional spacetime manifold, M. Suppose B is the two dimensional boundary of 
a spatial region R. We define the light surface L to be the one bounded by B and 
generated by the past light rays from B towards the center of R. The cosmological 
holography principle, expounded by Fischler and Susskind, states that the entropy 
passing through L never exceeds the area of the bounding surface B. In the special 
case of adiabatic evolution of the Universe, the total entropy of the matter in the 
horizon should be smaller than area of the horizon. The issue of holography, in cos- 
mology, has been addressed in a general frame work recently [ |155|| . Moreover, the 



consequences of the the principle has been studied in the cosmological context ||156 
Let us consider a PBB scenario in the Einstein frame with graviton and dilaton [ 157 
The entropy per comoving volume remains constant when the Universe undergoes 
adiabatic expansion (or contraction) and the location of the horizon is determined 
from the condition ds^ = 0. It follows from the covariant conservation of the stress 
energy tensor that 

where p and p are defined from the diagonal of Tj^ in the cosmological context, g being 
the determinant of the spatial part of the metric. It is easy to see that the comoving 
entropy density remains unchanged with time through out PBB and is given by 

= ^-P±^ (8.12) 
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where T is identified as the temperature of the fluid. For the dilatonic matter p = p 
and then 

= Const, {pgf/^ (8.13) 

where the constant is related to the Stefan's constant of the dilaton. Now, consider 
a simple homogeneous PBB cosmological case where 

^0 

and 

= 00 - V^^(1-EW|; - 1) (8.15) 
Here {Xg} are independent of x and they satisfy Kasner condition 



Now the volume is given by 
and Xfj is given by 



= n„(X« ) (8.17) 



The area of the surface bounding the volume enclosed by the horizon is given by 

A^ = {n„(x^)(^-i)^»}i (8.19) 

Having obtained the expressions for the volume factor and the area, we compute the 
holographic ratio to be 



S_ _ a-2 1 (1-p')^ 
20Fn(l-A„)i 



.20) 



We have now introduced the Stefan's constant, cr, for dilaton explicitly and the Planck 
length makes its appearance in the above equation so that a is dimensionless. Since 
the exponents {A^} appearing in the definition of the line element satisfy the two 
constraints, the holographic ration ^ is function of only one exponent. Therefore, by 
eliminating two of the A's we can write the ratio as an expression involving cr, p and 
one of the Aa's, call it Y. 



S o"2 1 (1 — p' 



,2^ 



2 



A II 20F[(i-r)r2+(i^]i 
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(8.21) 



The minimization and maximization of the denominator as a function of Y will give 
us an upper bound and lower bound on the holographic ratio, respectively as given 
below, 

^< ^ ^ (H 22) 

A-V7r2/2[(n/3-3p2-(3pi_^)/9]i/3 ' 

and 

s fa 1 yr^p^ 

I-V ^2]| [(11/3 - 3p2 + (2^y^)/9]V^ ^ ■ ' 

Note the appearance of a, the Stefan constant for the dilaton, the holographic ratio 
which could be determined in principle from string theory. It is quite interesting that 
the ratio could be bounded from above as well as from below in this case. 
The field of string cosmology and especially PBB string cosmology is still developing 
and there are important issues to be resolved. We would like to make a few comments 
before closing this section. One would like to study phenomenological aspects of 
PBB cosmology and compare and contrast the results of PBB scenario with standard 
inflationary models. A lot of work has been done in this direction and we refer the 
reader to the review article for more detailed references. It might be worth while to 
point out a few features of PBB cosmology. In the standard inflationary scenario, the 
Universe goes through de Sitter type phase where the curvature remains constant; 
however, in the PBB inflation the curvature changes with time. Thus the quantum 
fluctuation of background fields are amplified in different modes with different spectra. 
Therefore, some of the distinct features of PBB cosmology could be experimentally 
observed in gravitational wave detectors in future. Similarly, the axion spectrum has 



been computed in PBB |158|| and if detected, it will be another test of this scenario. 



There have been attempts to provide an understanding of galactic and intergalactic 
magnetic fields from the point of string cosmology. Since dilaton couples to the gauge 
field the mechanism for amplification of the magnetic field is related to the growth of 
the dilaton. It is quite possible that some of the predictions of PBB cosmology will 
be tested by on going experiments and/or by the experiments planned in the near 
future. 



9 Summary and Conclusion 

We have made some efforts to convey to the reader some of the interesting and impor- 
tant developments in string theory through this article. It is not possible to include 
all developments in the field in diverse directions in an article of this nature. A global 



perspective of string theory is contained in the article of John Schwarz ||160|| in this 



volume. We may recall that the research in string theory has stimulated progress in 
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other fields such as mathematics, quantum field theory and statistical mechanics of 
lower dimensional systems to mention a few areas. We have seen that string theory 
has made very important contributions to our understanding of the physics of the 
black holes. As we have mentioned, for a special class of black holes, the Bekenstein- 
Hawking entropy formula could be derived from an underlying microscopic theory. 
Similarly, the nature of the Hawking radiation from a stringy black hole, slightly away 
from extremality, could derived from the theory. 

We have noted that, there are intimate connections between the five string theories. 
Some of them are inter related through dualities in ten dimensions and some are 
related in lower dimensions. Thus it is recognized that dualities have a special role in 
our understanding of string dynamics. Moreover, there are increasing evidence that 
there is a unique, fundamental theory and the five perturbatively consistent string 
theories are various phases of the fundamental theory. It is argued that M-theory 
might be that theory and the low energy effective action of M-theory is to be iden- 
tified with the eleven dimensional supergravity theory. In this context, we discussed 
the M(atrix) model proposal to show that the model captures many important fea- 
tures of M-theory. 

Recently, the conjecture due to Maldacena has attracted considerable attention since 
it provides an important connection between supergravity on the bulk and the su- 
persymmetric gauge theories living on the boundary. The connection between type 
IIB theory on AdS^ x 5*5 and = 4 supersymmetric gauge theory on the boundary 
has been at the center of attention. Furthermore, there are interesting developments 
in the study of theories on AdS^ and corresponding two dimensional conformal field 
theories. 

One of the most important achievements of string theories has been to address impor- 
tant issues in quantum gravity and provide answers to some of the puzzles. However, 
the theory is yet to provide a satisfactory answer to the cosmological constant prob- 
lem. The cosmological constant is a parameter in physics which is measured to be 
closest to zero. It plays a dual role. When we look at it from the point of view of 
macroscopic physics, the smallness of the constant conveys to us that the Universe 
is very large and it is fiat. On the other hand, it is expected that, the cosmological 
constant, like other parameters in Nature, should be explained from a microscopic 
theory and the short distance physics, i.e. quantum gravity, will explain the smallness 
of the cosmological constant. Therefore, one expects that string theory will be able to 



resolve this outstanding problem |161, 162 1. The author along with his collaborators 



had made an attempt in this direction ||163||. It is expected that string theory will 



provide us clues to understand the creation of the Universe and the evolution of the 
Universe in early epochs. Indeed, string cosmology has attracted considerable atten- 
tion is recent years; however, we have not included discussions on this topic in this 
article due to limitations of space. Indeed, string cosmology makes several predictions 



which might be subjected to experimental tests in next few years ||164 | 
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